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Abstract Olive mill wastewater is considered as one of the
most polluting effluents of the food industry and constitutes a
source of important environmental problems. In this study, the
removal of pollutants (chemical oxygen demand (COD), bio-
chemical oxygen demand (BOD5), polyphenols, turbidity,
color, total suspended solids (TSS), and oil and grease) from
olive oil mil l processing wastewater by peroxi-
electrocoagulation/electrooxidation-electroflotation process
with bipolar aluminum electrodes was evaluated using a pilot
continuous reactor. In the electrochemical unit, aluminum
(Al), stainless steel, and RuO2/Ti plates were used. The effects
of pH, hydrogen peroxide doses, current density, NaCl con-
centrations, and reaction times were studied. Under optimal
conditions of pH 4, current density of 40 mA/m2, 1000 mg/L
H2O2, 1 g/L NaCl, and 30-min reaction time, the peroxi-

electrochemical method yielded very effective removal of
organic pollution from the olive mill wastewater diluted four
times. The treatment process reduced CODby 96%, BOD5 by
93.6 %, total, polyphenols by 94.4 %, color by 91.4 %,
turbidity by 88.7, suspended solids by 97% and oil and grease
by 97.1 %. The biodegradability index (BOD5/COD) in-
creased from 0.29 to 0.46. Therefore, the peroxi-
electrocoagulation/electrooxidation-electroflotation process
is considered as an effective and feasible process for pre-
treating olive mill wastewater, making possible a post-
treatment of the effluent in a biological system.
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Introduction

Extraction of oil from olive fruit is one of the important
industries that create valuable product, although generate large
amount of wastewater. Olive oil mill wastewater (OMW) is
the liquid by-product obtained frommechanical olive process-
ing. The quantity of generated wastewater, depending on the
method used for the oil extraction, varies from (per 100 kg of
olives) 40–60 l for pressing method to 80–100 l for three-
phase centrifugation technique (Aparicio and Harwood 2013).
OMW is one of the strongest industrial effluents, with high
organic materials content, for example: chemical oxygen de-
mand (COD) values in the range of 40–220 g/L, biochemical
oxygen demand (BOD5) values in the range of 15 to 135 g/L,
suspended solids (SS) from 6 to 69 g/L, and total phenols from
2 to 15 g/L. The pH of this wastewater usually ranges from 4.5
to 5.8 (Al-Malah et al. 2000; Crognale et al. 2006; Fadil et al.
2003; Khoufi et al. 2006). Therefore, the biological treatment
process is lack to treating OMW. Various methods, such as
centrifugation–ultrafiltration (Turano et al. 2002), composting
and direct watering on fields (Paredes et al. 2002), chemical
treatments (Atanassova et al. 2005; Hodaifa et al. 2013; Kallel
et al. 2009; Nieto et al. 2011), flocculation (Sarika et al. 2005),
and ultrafiltration have been studied for the treatment of this
wastewater (Akdemir and Ozer 2009). Among the wide range
of methods, electrochemical technology has been taken much
interesting, and a variety of very effective techniques based on
this technology, including electrocoagulation, electroflotation,
and electrochemical oxidation, have been developed for the
treatment of both low and high organic load wastewaters.
These technologies are considered to be the most perspective
methods for the purification and treatment of potable water
andmunicipal wastewater. Themechanisms of reactions in the
electrochemical process are considered adequately (Antropov
1972). Among the electrochemical technologies,
electrocoagulation and electroflotation may be effective sub-
stitutions for conventional coagulation and flotation in a
wastewater treatment process (Yilmaz et al. 2007). Another
suitable technique for chemical treatment of wastewaters is the
electrolysis generating by chemical oxidizing agents such as
chlorine and/or hypochlorite and hydrogen peroxide (Panizza
and Cerisola 2009). In the electrocoagulation cell, the electro-
chemical reactions with metal Al as electrodes are as follows:

Aluminum anodic reaction : Al→Al3þ þ 3e−; for coagulation ð1Þ

RuO2=Tianodic reaction : 2H2O→4Hþ þ O2 þ 4e−; for flotation

ð2Þ
Cathodic reaction : 2H2Oþ 2e−→H2 þ 2OH−; for flotation ð3Þ

The Al3+ ions formed hydrolyze to generate corresponding
hydroxides and/or polyhydroxides in appropriate pH. It has
been suggested that the Al hydroxides and polyhydroxides

formed during the electrochemical dissolution have a strong
affinity to capture the pollutants in the wastewater, causing
more coagulation than conventional Al coagulants (Zaroual
et al. 2006). Also, cathodic and anodic reactions produce tiny
bubbles of hydrogen and oxygen gases, respectively. These
tiny bubbles (average diameter of approximately 20 μm) can
cause flotation of the generated flocs and the coagulated
materials (Kotti et al. 2009). Thus, electroflotation may also
play an important role in an electrocoagulation cell. The
oxygen produced through the anodic reactions can prevent
the anaerobic conditions of the wastewater. Moreover, hydro-
lysis and polymerization of Al3+ cause the formation of gelat-
inous charged hydroxo-cationic complexes, which are able to
remove pollutants via adsorption and charge neutralization
(Barash et al. 2009; Ge et al. 2004). In electrocoagulation
process, metal hydroxide flocs are produced which have a
large surface area. These valuable characteristics are very
useful for removal of non-settleable pollutants by rapid ad-
sorption of soluble organic compounds and trapping of col-
loidal particles. Then, these flocs are removed easily from
effluent by sedimentation or flotation (Farhadi et al. 2012).
Recently, the use of hydroxyl radicals in aqueous medium has
been suggested to promote the oxidation of toxic pollutants
(Dehghani et al. 2011; Roa-Morales et al. 2007). Huang et al.
have reviewed different advanced oxidation processes and
demonstrated that the methods based on hydrogen per-
oxide to promote the formation of hydroxyl radicals
have many advantages, since these methods are efficient
and less expensive (Huang et al. 1993). Additionally,
the hydrogen peroxide methods have more efficient
mass transfer properties than those involving other hy-
droxyl radical promoting species such as ozone (Peralta-
Hornandez et al. 2005). H2O2 can be produced strong oxida-
tive hydroxyl radical and the ·OH attacks organic compounds
and thus causes chemical degradation of these compounds in a
short period (Liou and Lu 2007). According to proposed
mechanism by Miller and Valentine, the main reactions oc-
curring at the electrode surface (S) are as follows (Miller and
Valentine 1999; Plant and Jeff 1994):

Sþ H2O2↔Sþ þ OH− þ OH˙ ð4Þ
Sþ þ H2O2↔Sþ Hþ þ HO2

˙ ð5Þ

Sþ þ HO2
˙↔Hþ þ Sþ O2 ð6Þ

Sþ HO2
• þ Hþ↔Sþ þ H2O2 ð7Þ

Sþ HO•↔Sþ þ OH− ð8Þ

Also, the hydrogen peroxide will form the hydroxyl radical
at the cathode (Bard 2004):

H2O2 þ e− þ Hþ↔H2Oþ OH• ð9Þ
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Some of the Al3+ ions formed in the anode can be reduced
at the cathode. Then, the aluminumwill react in the solution as

3H2O2 þ 3Hþ þ Al0↔3OH• þ Al3þ þ 3H2O ð10Þ

A sequence reaction then take places between the hydroxyl
radical and an organic compound R (Bard 2004):

RHþ OH•↔R• þ H2O ð11Þ

R• þ O2↔ROO• ð12Þ

ROO˙þ RH↔ROOHþ R˙ ð13Þ

Additionally, presence of chloride ions (Cl−) has benefits,
particularly when using aluminum plates. It has been sug-
gested that chloride ions are breakdown potential of aluminum
through pitting corrosion. During the electrolysis of aluminum
in anode, alumina film is usually formed in surface, and it
causes increased power consumption and decreased process
efficiency because it can inhibit the release of Al3+ ions as well
as electron transfer. Therefore, the efficiency of the system can
be significantly increased via the breakdown of the alumina
film (Al2O3) (Gao et al. 2010).

This work aimed to study the treatment of OMW by
peroxi-electrocoagulation/electrooxidation-electroflotation
process by using bipolar aluminum electrodes under different
operational conditions of pH, current density, detention time,
NaCl concentration, and hydrogen peroxide concentration.

Materials and methods

Experimental setup

The experimental setup is schematically shown in Fig. 1. The
plates consisted of nine pieces of Al and two pairs of RuO2/Ti
and stainless steel. The bipolar electrochemical cell consisted

of three aluminum plates placed between pairs of a RuO2/Ti
anode and a stainless steel (SS) cathode, and only two pairs of
plates were connected to the D.C. power supply with 0–60 V
of electrical potential. Different amounts of H2O2 were added
to the electrochemical process to enhance pollutant removal.
The reactor was electrochemical and separation units with 5
and 7.5 l in volume, respectively. The effective surface area
for each plate was 90 cm2 (9 cm×10 cm), and the space
between the plates was 8 mm. Aluminum was used as the
sacrificial anode, rather than iron, because the residual ferrous
ions are easily oxidized by air, which may increase the color of
effluent. Scum was separated out using a flotation tank, and
flotation was achieved by hydrogen gas bubbles generated
from the cathode, allowing the top layer to be skimmed. The
efficiency of the reactor was first tested at the different oper-
ational conditions of pH (3–9), current densities of 5–40 mA/
cm2, NaCl concentrations of 0.5–3 g/L, H2O2 concentrations
of 0–2000 mg/L, and detention times of 5–30 min. After
determining the optimum operational conditions, the maxi-
mum efficiency of the reactor was tested under all optimum
operational conditions obtained from past stages.

Samples

The olive mill wastewater was obtained from an olive oil
production factory located in the Roodbar region, home of
the olive growing and processing sector, in the northern part of
Iran. All experiments were done on a 25 % solution of the
wastewater. The main characteristics of OMW, diluted four
times (25 % (v/v)), are presented in Table 1.

Analytical methods

All reagents used in the electrochemical oxidation experi-
ments were of analytical grade. H2SO4 and NaOH were used
to adjust pH during the experiment. pH was measured by a
pH-meter (E520Metrohm Herisau). Electric conductivity was
assessed with a CRISON conductivity meter, GLP31 model.

Fig. 1 Schematic design of the
peroxi-electrocoagulation/
electrooxidation-electroflotation
reactor used in the study

6290 Environ Sci Pollut Res (2015) 22:6288–6297



Turbidity (Nephelometric Turbidity Unit, NTU) was deter-
mined with a turbidity-meter Tecnal, model TB1000. Color
was measured according to the Hongve and Akesson method
(Hongve et al. 2004). The sample was first filtered through a
membrane filter with the pore size of 0.45 μm. The color was
determined bymeasuring sample absorbance at 410 nmwith a
CARY 1E VARIAN spectrophotometer. The absorbance of a
reference solution with 100 mg/L Pt was used for conversion
of the results to true color units (TCU). The polyphenol
concentration was determined by measuring the sample’s
absorbance at 278 nm, using a CARY 1E VARIAN spectro-
photometer. Since the presence of residual H2O2 introduces a
positive error in COD determination (Kang et al. 1999), in
electrolysis experiments with H2O2, the pH of the samples
was raised to above 10 with NaOH 6N prior to analysis. COD,
suspended solids (SS), BOD5, oil and grease were measured
in accordance with the standard methods (Association and
Association 1976).

Results and discussion

Effect of initial pH on the performance of process

In order to evaluate the effect of pH on removal efficiencies of
COD, polyphenols, color, and turbidity of OMW, experiments
were carried out at different pH value between 3 and 9.
Figure 2a demonstrates the removal efficiencies of OMW at
different initial pH without changing other parameters during
the degradation reaction ([H2O2]=500mg/L, [NaCl]=1.5 g/L,
CD=20 mA/cm2, Time=20 min). The pH is one of the most
important parameters influencing the electrocoagulation pro-
cess (Shen et al. 2003). Results showed that the greatest
pollutant removal was achieved within the pH range of 4–6
and maximum COD, and phenol removal efficiencies were
obtained at pH 4 (Fig. 2a). As it can be seen, at these pH
values, COD and polyphenol removal efficiencies were
achieved as 84.5 and 88.4 %, respectively. These results are
in agreement with recent research, suggesting that the

optimum pH for treatment of OMW wastewater by
electrocoagulation is below 6 (Hanafi et al. 2010; Inan et al.
2004) and around 3–5 by Fenton and Fenton oxidation with
zero-valent iron and also by hydrogen peroxide and peroxi-
electrocoagulation (Ahmadi et al. 2005; Kallel et al. 2009;
Rivas et al. 2001; Roa-Morales et al. 2007; Tekin et al. 2006).
The maximum efficiencies for color and turbidity removal
were observed at pH 5.2 and 6, respectively. The possible
reason of this phenomenon was given from the observation of
the solubility diagram of aluminum hydroxide (Holt et al.
2002). In acidic conditions, chemical dissolution corresponds
to the oxidation of the aluminum plates with the simultaneous
reduction of water to form hydrogen, according to Eq. (14)
(Picard et al. 2000):

2Alþ 6H2O→2Al3þ þ 3H2 gð Þ þ 6OH− ð14Þ

On the other hand, the electrochemical processes that occur
on the anode and cathode surfaces are represented by
Eqs. (15)–(17). On the anode, oxygen evolution is completely
occurred by aluminum dissolution (chemically or electro-
chemically), while main reactions occurring on the cathode
is the hydrogen evolution. In both the chemical and the
electrochemical processes, hydrogen is generated as follows:

Al→Al3þ þ 3e− ð15Þ

2H2O→O2 gð Þ þ 4Hþ þ 4e− ð16Þ

2H2Oþ 2e−→H2 gð Þ þ 2OH− ð17Þ

As a result of the reactions (14) and (16), the formation of
Al(OH)3(s) is expected. When the aluminum is dissolved
(electrochemically and chemically), depending on the pH of
the solution and the presence of other chemical species, it can
form different species. At low Al concentrations (5×10−3 M),
the following chemical species can be found in aqueous
solution: Al3+, Al(OH)2+, Al(OH)3, Al13(OH)4

5+, and
Al13(OH)32

7+. In the present study, in pH 4, the predominant
species were Al3+ and Al(OH)3, which were present in equal
amounts. However, at pH 4.5 and above, the predominant
species is only Al(OH)3, which can be soluble, insoluble, or
colloidal (Domınguez et al. 1998). Also in the acidic aqueous
solution, H2O2 generate the maximum amount of ·OH and
oxidize the organic compounds. This result is in agreement
with the results obtained in other studies (Farhadi et al. 2012;
Zazo et al. 2005).

Effect of current density on the performance of process

One of the most important parameters that can affect the
pollutant removal or destruction efficiency in the

Table 1 Characteristics
of the OMW, diluted four
times, used in this study

Parameter Unit Value

COD (g L_1) g/L 28.5

BOD5 (g L_1) g/L 8.3

Suspended solids g/L 13.8

Oil and grease g/L 5.32

Total phenols g/L 2.15

Color TCU 1530

Turbidity NTU 320

Conductivity mS/cm 12.8

pH – 5.2
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electrochemical process is the current density. In this study,
the current density mode was employed; therefore, the effect
of the applied current density on the COD, polyphenols, color,
and turbidity removal was investigated, as depicted in Fig. 2b.
It was found that the removal of COD, polyphones, color, and
turbidity was increased with increasing current density. When
the current density was raised from 5 to 40 mA/cm2, the
removal efficiencies of COD, polyphenols, color, and turbid-
ity rose from 48.8, 60.1, 75.3 and 58.3 to 88.7, 89.9, 84.8 and
77.9 %, respectively. Current density was calculated as the
applied current divided by the surface area of the studied
electrode. According to Faraday’s law, the amount of alumi-
num dissolved electrochemically is proportional to the charge
loadings. When 1 F (26.8 Ah) passes through the electric
circuit, the hydrogen gas evolution will be equal to
0.0224 Nm3, which is much greater than the volume of gas
released in traditional DAF. Consequently, increasing current

density will give rise to an increase removal of pollutants.
Furthermore, with increasing current density, the rate of
bubble-production increases and the bubble size decreases;
both of these trends are beneficial in terms of high pollutant-
removal efficiency by H2 floatation.

Effect of Cl− addition in the performance of process

Figure 2c shows the effect of addition of Cl− ions as NaCl into
the solution on the removal efficiencies of COD, polyphenols,
color, and turbidity. The removal efficiencies were greatly
enhanced by adding 1 g/L NaCl to the solution, obtaining
removal efficiencies of 89.5 % of COD, 91.8 % of polyphe-
nols, 84.7 % of color, and 80.2 % of turbidity. Table salt is
usually used to increase the conductivity of the wastewater to
be treated. In addition to its ionic contribution in carrying the
electric charge, it was found that chloride ions could
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Fig. 2 a Effect of current density
on removal efficiency of COD,
polyphenols, color, and turbidity
(H2O2 500 mg/L, pH 4, reaction
time 20 min, NaCl 1.5 g/L). b
Effect of the amount of NaCl salt
on removal efficiency of COD,
polyphenols, color, and turbidity
(H2O2 500 mg/L, pH 4, reaction
time 20 min, CD 40 mA/cm2). c
Effect of H2O2 concentration on
removal efficiency of COD,
polyphenols, color, and turbidity
(NaCl 1 g/L, pH 4, reaction time
20 min, CD 40 mA/cm2)
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significantly reduce the adverse effect of other anions such as
HCO3− and SO4

2− (Chen 2004). The addition of NaCl, which
increases conductivity of the solution, would lead to the
decrease in power consumption. In general, it is obvious that
as the concentration of Cl− ion decreases, the COD removal
also proportionately decreased. This implies that the oxidation
of organics depends on active chlorine generated during elec-
trolysis. In the presence of chloride ion, the strong catalytic
effect of Cl− ion contributes to conversion of organic pollutants
to CO2 and H2O (Serikawa et al. 2000). Also, the indirect
electrooxidation involving various forms of chlorine was a pre-
dominant process in removing organic pollutants from chloride
medium. The anodic reaction in electrocoagulation process may
be discharge of chlorine as

2Cl−→Cl2 gð Þ þ 2e− ð18Þ

At 25 °C and normal atmospheric pressure, the chlorine gas
generated from anode can dissolve in water to the amount of
6.413 g/L (Lange 1973). If its solubility is exceeded nearby at
the electrode surface, then bubbles may form and release.
Above pH 3.3, the chlorine can migrate and diffuse to the
bulk aqueous solution away from the electrode surface and
establishes equilibrium between chlorine, hypochlorous acid,
and hypochlorite ion. However, the removal efficiency
decreases when extra NaCl is added to the solution.
This demonstrates that surplus amount of Cl− in the
solution is unfavorable to the coagulation of the pollut-
ants. The main reason is that the Cl− ions in the
solution containing Al(OH)3 forms some transitory com-
pounds, such as Al(OH)2Cl, Al(OH)Cl2, and AlCl3. The
transitory compounds finally dissolve in the solution
with excess Cl−, as a form of AlCl4

− (Wang et al.
2009). Therefore, the amount of Al(OH)3 coagulants
decreases, resulting in the decrease of the removal
efficiency.

Effect of hydrogen peroxide (H2O2) on the performance
of process

Figure 3a shows the effect of hydrogen peroxide dosage on
the removal efficiencies of COD, polyphenols, color, and
turbidity. Increasing H2O2 concentrations improved effi-
ciency of organic matter degradation. Higher H2O2

doses generated more hydroxyl radicals which enhanced
the COD removal efficiency. However, excessive
amounts of oxidant had no or a slight unfavorable effect
on performance possibly due to H2O2 induced radical
scavenging (Rivas et al. 2001).

As the results showed, the maximum removal rate of COD,
color, and turbidity were 93.2, 89.9, and 86 %, respectively,
for optimum concentration of 1000 mg/L H2O2 after 20-min
electrolysis time for current density of 40 mA/cm2 and pH 4.

Also, the maximum removal rate of polyphenols was 94.6 %
for optimum concentration of 2000 mg/L H2O2 after 20-min
electrolysis time for current density of 40 mA/cm2 and pH 4.
The pollutant removal can be attributed to the fact that the
system undergoes reactions concurrently, electrocoagulation
and also H2O2 process.

When the concentration of H2O2 increased from 200 to
1000 mg/L, the COD, color, and turbidity removal increased
from 81, 77.5, and 77.4 to 93.2, 89.9, and 86 %, respectively.
However, when the concentration of H2O2 increased from
1000 to 2000 mg/L, the COD, color, and turbidity
removal decreased to 85.6, 87.5, and 83 % respectively,
demonstrating that most of organic pollutants in the
wastewater could be oxidized by hydroxyl radical.
Although the ·OH was formed by H2O2, which could
improve the oxidation ability of treatment along with
increase of H2O2 concentration, the degressive trend
demonstrated that the excessive H2O2 could also con-
sumed ·OH and become the elimination reagent of hy-
droxyl radical (Hong et al. 2007).

Effect of operating time on the performance of process

The changes in the removal efficiencies of COD, polyphenols,
color, and turbidity during the electrolysis experiment
([H2O2]=1000 mg/L, [NaCl]=1 g/L, CD=40 mA/cm2, pH=
4) is shown in Fig. 3b. As shown in this figure, the percentage
of pollutant removal depended immediately on the process
duration. Therefore, for the 5-min reaction time, 46.5 % of
COD and 33.8 % of polyphenols was removed. It can be
observed that high removal efficiencies of COD and
polyphenols were obtained for the initial stages of the
process and after that a continuous decrease in efficien-
cies during the experiment was occurred. Consequently,
in reaction time of 30 min, 96.2 % of COD and 94.3 %
of polyphenols were removed.

As shown in Fig. 3b amusingly, concentration of turbidity
and color is higher than initial concentration, at 5 min elec-
trolysis, possibly due to the breaking down of large particles
and the formation of a large number of smaller particles and
colloids, and then decreased, reaching of 88.5 % removal rate
in 30 min. Also, color intensity increased in 5 min, and then
decreased, reaching of 91.4 % removal rate in 30 min. This
may have also been due to the oxidative polymerization of
phenols and tannins originally present in the olive mill waste-
water that contributed to the increase of color in samples
(Khoufi et al. 2007).

These results are in accordance with previous results ob-
tained in other similar studies that performed to treating OMW
by electrocoagulation, and in which it was found that reaction
time of 25 min were sufficient to remove more than 90 and
95 % of polyphenols and color, respectively (Adhoum and
Monser 2004). Also, the results of this study are in accordance
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with the results of another study, in which 72 and 80 %
removal were achieved for polyphenols and color, respective-
ly, by electrocoagulation process after 15-min reaction time
(Hanafi et al. 2010).

Effect of optimum conditions on degradation
and biodegradability enhancement of OMW

Determination of optimum condition is a crucial task in im-
proving the overall efficiency of the degradation processes.
For the determination of appropriate process for OMW treat-
ment, main results of the optimum parameters in treatment of
OMW study were summarized in Table 2. These results
indicated that in the optimum conditions (H2O2concentration
of 1000 mg/L, NaCl concentration of 1 g/L, pH 4, CD 40mA/
cm2, and reaction time of 30 min), peroxi-electrocoagulation
lead to a great decrease in the COD, BOD5, polyphe-
nols, color, turbidity, TSS, and oil and grease. As it can
be observed, the rate of COD and BOD5 removal
reached to 96 and 93.6 % in the initial COD and
BOD5 concentrations of 28.5 and 8.3 g/L, respectively.
Also, the removal of polyphenols, color, turbidity, TSS,
and oil and grease reached to 94.4, 91.4, 88.7, 97, and
91.7 % in the initial polyphenols concentration of

2.15 g/L, color 1530 TCU, turbidity 320 NTU, TSS
concentration of 13.8 g/L, and oil and grease concen-
tration of 5.32 g/L, respectively. The reduction in COD,
TSS, and oil and grease removal efficiencies were more
than other parameters, suggesting that more H2O2 and/or
time of electrocoagulation is required to oxidize the
intermediates from degradation.

The biodegradability of a wastewater is usually evaluated
in terms of the BOD5 to COD ratio (Wu et al. 2008). The
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1000 mg/L, CD 40 mA/cm2)

Table 2 Selected properties of raw and treated wastewater in optimum
conditions (H2O2=1000 mg/L, NaCl=1 g/L, pH=4, CD=40 mA/cm2,
time=30 min) (sample 3)

Parameter (units) Influent Effluent Removal efficiency (%)

COD (g/L) 28.5 1.14±0.1 96

BOD5 (g/L) 8.3 0.53±0.15 93.6

Polyphenols (g/L) 2.15 0.12±0.01 94.4

Color (TCU) 1530 131±5 91.4

Turbidity (NTU) 320 36±5 88.7

TSS (g/L) 13.8 0.41±0.05 97

Oil and grease (g/L) 5.32 0.15±0.03 97.1

BOD5/COD 0.29 0.46 –
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biodegradability of raw and treated OMWwas investigated at
optimum conditions in order to showing the capability of
using biological treatment for the post-treatment of OMW
effluents. As shown in Table 2, the BOD5 to COD ratio of
the OMW after passing the treatment step in peroxi-
electrocoagulation reactor (under conditions of H2O2=
1000 mg/L, NaCl=1 g/L, pH=4, CD=40 mA/cm2, and reac-
tion time=30 min) increased from 0.29 to 0.46. This points out
that the biodegradability of OMW effluent significantly im-
proved after electrochemical treatment means that it was con-
verted to a biodegradable waste. The enhancement of the
biodegradability is related to degradation of the polyphenols
and aromatic rings, and thus, the conversion of the simple
molecules and more degradable intermediates. Since a waste-
water having the BOD5 to COD ratio of 0.4 and higher is
considered easily biodegradable (Ghezzar et al. 2009), it can
be demonstrated from these results that the effluent from
peroxi-electrocoagulation reactor in treating OMW is biode-
gradable enough to be easily post-treated in a biological reactor.

Energy consumption

One of the most important parameters that must be determined
to assess a method of wastewater treatment is the operating
cost. Electrocoagulation process is an energy intense process
and its efficiency is typically evaluated in terms of specific
energy consumption (SEC). This is defined as the amount of
energy consumed per unit mass of organic load (e.g., COD)
removed. Electrical energy consumption was calculated using
the Eq. (19):

E ¼ UItEC ð19Þ

where E is the electrical energy in Wh, U is the applied
voltage (V), I the current in ampere (A) and tEC is the
electrocoagulation time (h). The electric energy consumption
in the duration of electrocoagulation (kWh/kg COD removal

and kWh/kg polyphenol removal) is shown in Fig. 4. As seen,
the SEC increased from 2.35 kWh/kg COD removed and
42.93 kWh/kg polyphenol removed at 5 min increased to
6.82 kWh/kg COD removed and 92.33 kWh/kg polyphenol
removed, with increasing time of electrocoagulation time up
to 30 min.

Conclusions

The main objective of the present study was to evaluate the
performance of peroxi-electrocoagulation/electrooxidation-
electroflotation process by using bipolar aluminum electrodes
for the removal of COD, BOD5, polyphenols, color, turbidity,
TSS, and oil and grease from OMW wastewater diluted four
times. These wastewater samples have toxic nature and high
resistance toward degradation by classical biological process-
es. The effects of applied current, initial pH, H2O2 concentra-
tion, NaCl concentration, and reaction time on the treatment
performance were investigated. Experimental results showed
that in the optimum conditions (H2O2=1000 mg/L, NaCl=
1 g/L, pH=4, CD=40 mA/cm2, and reaction time=30 min),
peroxi-electro coagulation/electrooxidation-electroflotation
could remove more than 96 % of COD, TSS, and oil and
grease, more than 93 % of BOD5 and polyphenols, 88.7 % of
turbidity, and 91.4 % of color present in olive mill wastewater
due to the in situ electrogeneration of aluminum hydroxide,
electrochemical oxidation, reaction with soluble aluminum
species, and reaction with hydroxyl radicals. The peroxi-
electrocoagulation/electrooxidation-electroflotation process
with aluminum electrodes could also significantly improve
the biodegradability of the OMW, making possible the post-
treatment of the effluent in a bioreactor.
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