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in the study. The effects of stirring rate, dilution fac-
tor, pH, type of support electrolyte, the concentra-
tion of support electrolyte, and current density on 
chemical oxygen demand and total phenol removal 
efficiencies were examined in the experiments using 
a batch reactor. The study found that the chemical 
oxygen demand and total phenol removal rates were 
96.93% and 100% under optimum conditions, respec-
tively. According to the treatment data obtained, it 
can be said that olive mill wastewater can be treated 
by the electrooxidation method and can be proposed 
as a pretreatment system before entering biological 
treatment.

Keywords  Chemical oxygen demand · 
Electrooxidation · Indirect oxidation · Olive mill 
wastewater · Phenol · Ti/IrO2/RuO2 anode

1  Introduction

Domestic and industrial wastewater are among the 
main causes of water pollution, one of today’s most 
critical environmental problems. These wastewaters 
cause negative consequences for the living things 
that benefit from the receiving water environment 
and its environment, as they cause oxygen consump-
tion by biodegrading as well as aesthetic pollution 
and bottom accumulations in the receiving water 
environment.

Abstract  The electrooxidation process, one of the 
advanced oxidation processes, is one of the effective 
treatment processes used in treating various industrial 
wastewaters. This study investigated the treatment 
of olive mill wastewater using the electrooxidation 
process. This study includes the effects of different 
experimental parameters on chemical oxygen demand 
and total phenol removal efficiencies in olive mill 
wastewater. Ti/IrO2/RuO2 mesh plates as anode mate-
rial and Ti mesh plates as cathode material were used 
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If no measures are taken, one of the industrial 
establishments that harm the environment is the olive 
oil industry (Barbera et al., 2013). Liquid (olive mill 
wastewater, OMW) and solid (pomace) waste origi-
nating from the olive oil industry are an important 
source of pollution in regions where olive production 
is intensive due to their composition, foul odors, high 
toxic organic load, and low pH values (Boubaker & 
Ridha, 2007). Due to the small-scale and scattered 
structures of the production enterprises, wastewater 
is directly discharged into the soil and groundwater. 
When released unconsciously, it damages the envi-
ronment and the ecosystem it is located (McNamara 
et al., 2008). For all these reasons, the treatment and 
disposal of these wastes called OMW and pomace, 
without polluting the environment, is highly impor-
tant for olive oil-producing countries.

The wastewaters originating from the olive 
oil industry and qualified as OMW are very dif-
ficult to treat with traditional methods with high 
organic matter, suspended solids, oil and grease 
content, and low molecular weight phenolic sub-
stances (Nogueira et  al., 2016). In many countries 
worldwide, research on the treatment of OMW is 
being carried out. Until now, electrocoagulation 
(Adhoum & Monser, 2004; Ghahrchi et  al., 2021; 
Ün et  al., 2006), ultrasound, and advanced oxida-
tion processes (Al-Bsoul et al., 2020; Görmez et al., 
2020), photovoltaic electrocoagulation (Elkacmi 
et  al., 2020), membrane processes (Bottino et  al., 
2020), biological treatment (Kul & Nuhoğlu, 2020; 
Tufaner, 2020), hybrid processes (Khani et  al., 
2020), advanced oxidation processes (Ekmekya-
par Torun et al., 2020), etc. are used to prevent and 
reduce the polluting effect of OMW and to develop 
different treatment technologies. Many studies cov-
ering the processes have been completed (Kul et al., 

2015). Among these methods, electrooxidation is 
based on the use of an insoluble anode material 
such as graphite (Chinarro et al., 2020), Ti/Ta/Pt/Ir 
(Giannis et  al., 2007; Gotsi et  al., 2005), Ti/RuO2 
(Chatzisymeon et  al., 2009a; Panizza & Cerisola, 
2006; Papastefanakis et al., 2010; Un et al., 2008), 
BDD (Chatzisymeon et  al., 2009b; Deligiorgis 
et  al., 2008), Ti/Pt (Kul et  al., 2015), and Ti/IrO2/
Ta2O5 (Scialdone et al., 2009) to oxidize the organic 
material directly or indirectly. The direct or indirect 
electrooxidation mechanisms are shown in Fig.  1 
(Kul et al., 2015).

In direct electrooxidation, pollutants are adsorbed 
on the anode surface first, and then an e-transfer 
takes place from the anode surface (Fıl et al., 2014; 
Kul et  al., 2015). Direct electrooxidation occurs in 
two different ways, including electrochemical cycle 
and disintegration, and during the process, two 
oxide types of active oxygen are produced electro-
chemically at the anode surface (MOx). The first of 
these active oxygens is chemically adsorbed active 
oxygen given in Eq. (1) and is responsible for elec-
trochemical cycles (MOx

+1). The other is physically 
adsorbed oxygen (MOx(·OH)), responsible for elec-
trochemical degradation given in Eq.  (2) (Deng & 
Englehardt, 2007; Fıl et al., 2014; Kul et al., 2015).

where R is organic compounds and n is the amount 
of OH− adsorbed on the anode surface. Only a cer-
tain amount of organic material is broken down dur-
ing electrochemical cycles, and sequential biological 
treatment may be required. However, the final product 
of the electrochemical transformation is CO2, which 

(1)R +MOx+1 → RO +MOx

(2)R +MOx(⋅OH) → CO
2
+ nH+ + ne− + MOx

Fig. 1   Mechanism of direct 
and indirect oxidation
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indicates that the water is fully treated (Fıl et  al., 
2014; Kul et al., 2015).

During the indirect electrooxidation process, agents 
such as Cl2, HOCl, OCl−, and H2O2 that affect the oxi-
dation of organic materials are produced at the anode. 
While the treatment of OMW by electrooxidation is 
carried out by direct anodic oxidation of pollutants to 
a certain degree on the anode surface, it can be per-
formed in indirect electrooxidation due to OCl− formed 
as a result of the anodic reaction of Cl2 present in 
OMW or added later. The indirect reactions of the elec-
trooxidation process are shown in Eqs. (3)–(9). The 
OCl− formed in Eq.  (7) is a strong oxidizer that can 
oxidize organic material (Bashir et al., 2014; Deng & 
Englehardt, 2007; Fıl et al., 2014; Kul et al., 2015).

Anodic reactions;

Solution reactions;

Cathodic reactions;

In this study, where Ti/IrO2/RuO2 screen plates were 
used as anode material and Ti screen plates as cathode 
material, the effects of the time, stirring speed, dilution 
ratio, pH, support electrolyte type, support electrolyte 
concentration, current density, and temperature param-
eters were determined on chemical oxygen demand 
(COD) and total phenol (TP) removal efficiencies.

2 � Material and Methods

2.1 � Wastewater

The OMW used in the study was obtained from 
local businesses in Balıkesir/Türkiye, and its 

(3)2C1− → C1
2
+ 2e−

(4)
6HOCl + 3H

2
O → 2ClO−

3
+ 4Cl− + 12H+ + 1.5O

2
+ 6e−

(5)2H
2
O → O

2
+ 4H+ + 6e−

(6)Cl
2
+ H

2
O → HOCl + H+ + Cl−

(7)HOCl → H+ + OCl−

(8)2H
2
O + 2e− → 2OH− + H

2

(9)OCl− + H
2
O + 2e− → Cl− + 2OH−

characteristic features are shown in Table  1 (Kul 
et al., 2015).

2.2 � Experimental Setup

A jacketed glass reactor of 10 cm inner diameter and 
16  cm depth was used for the electrooxidation of 
OMW. 5 Ti/IrO2/RuO2 sieve plates as anode mate-
rial, and 5 Ti sieve plates as cathode material were 
connected parallel to each other (Galvano Technical 
Corporation, Türkiye). The total surface area of the 
plates was 2600 cm2, and the distance between the 
plates was set at 0.3  cm. The volume of wastewa-
ter used for the experiments was set to 800 mL. An 
adjustable direct current power supply (Quassar 150 
Switch Mode) was used for the experiments. The 
wastewater was continuously mixed with the help of 
a magnetic stirrer. For analysis, samples were taken 
with the help of a peristaltic pump without inter-
rupting the electric current, and pH and conductivity 
measurements were measured using a WTW Pro-
fiLine 3310 Multimeter at the time of sampling with 
the help of a multimeter. The experimental system is 
detailed in Fig. 2 (Kul et al., 2015).

In studies, COD concentrations were determined 
spectrophotometrically in accordance with stand-
ard methods (APHA, 2005). TP concentrations 
were determined using the Folin Ciocalteu method 
(Atanassova et  al., 2005; Folin & Ciocalteu, 1927; 
Kul et al., 2014). COD and TP removal efficiencies 
are calculated according to the equation given in 
Eq. (10).

(10)Removal ef f iciency(%) =

(

Co − Ct

Co

)

Table 1   Characterization of OMW

Parameters Units Value

COD (chemical oxygen demand) mg L−1 46,000–54,000
TOC (total organic carbon) mg L−1 13,000–15,000
TP (total phenols) mg L−1 3100–3600
Conductivity ms cm−1 9.24–9.47
pH - 4.56–4.69
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where C0 is the initial concentrations of COD and TP 
(mg L−1), and Ct is the concentrations of COD and 
TP at any time t (mg L−1).

The energy consumption required for treating olive 
mill wastewater was calculated using Eq. (11).

where V is mean cell voltage (V), I is current (A), t is 
electrolysis duration (h), and ν is OMW volume (m3).

3 � Results and Discussion

3.1 � Effect of Time on COD, TOC, and TP Removal

The variation of wastewater content over time was 
investigated in the trials conducted with Ti/IrO2/RuO2 
plates at 7.69  mA  cm−2 current density, pH 4.5–4.7 
(natural pH value of OMW), and 20  °C for 24  h. 

(11)Energy consumption W (kWhm−3) =
V ∗ I ∗ t

v

COD, TOC, and TP analyses were made in samples 
taken at different times, and the results are shown in 
Fig. 3.

As can be seen in Fig.  3, COD, TOC, and TP 
removal efficiencies were determined as 22.86%, 
21.86%, and 57.37% at the end of the first 5 h, and as 
41.57%, 37.77%, and 89.43% at the end of the 24 h, 
respectively. No change was observed in removal 
efficiencies after 5 h of contact time when the COD 
removal efficiencies were examined. Considering this 
situation, it was decided that the contact time should 
be 5  h in all other trials using Ti/IrO2/RuO2 plate 
to keep energy consumption to a minimum. These 
results showed that the COD value of the OMW was 
approximately equal to the TOC value, and the COD 
value decreased the TOC at the same rate. Since 
phenol is a more easily degradable substance, it has 
been removed at a high rate in electrooxidation. The 
phenol content of the wastewater constitutes approxi-
mately 5–10% of the COD, as seen in Table  1, and 

Fig. 2   Experimental setup in which olive mill wastewater treatment studies are carried out
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although the phenol removal efficiency was high, the 
COD and TOC removal remained low.

3.2 � Effect of Stirring Speed on COD and TP 
Removal

During the experiments, the wastewater was con-
tinuously mixed with the help of a magnetic stir-
rer. Stirring speeds were selected as 100, 200, 300, 
400, and 600  rpm in the experiments conducted at 
7.69 mA cm−2 current density, pH 4.5, and 20 °C, and 
the removal efficiencies were determined. Obtained 
results and working conditions are shown in Fig. 4.

As shown in Fig. 4, the increase in stirring speed 
did not affect the removal efficiencies much, even 
causing a slight decrease. When the stirring speed 
was increased from 0 to 300 rpm, the COD removal 
efficiency decreased from 20 to 18% at the end of the 
5 h, while the TP removal efficiency increased from 
40 to 51%. When the stirring speed was increased 
from 300 to 600 rpm, it was observed that COD and 
TP removal efficiencies decreased by 1% and 7%, 
respectively. Increasing the stirring speeds accelerates 

the diffusion of organic pollutants to the anode sur-
face. This causes an increase in removal efficiency 
for each parameter. However, the excessively increas-
ing stirring speed decreases the diffusion effect on 
the anode surface and reduces the removal efficiency 
(Bayar et al., 2011; Kul et al., 2015). However, it was 
decided not to mix in the following experiments for 
the treatment of OMW, considering that the changes 
in removal efficiency are not too much and will 
reduce system costs. When stirring is not done, the 
gases formed in the anode and cathode in the reactor 
allow the reactor contents to be mixed. The turbulent 
effect of stirring at a very high speed also has a nega-
tive impact on natural stirring, as it prevents the gases 
formed from reaching the reactor surface.

3.3 � Effect of Initial Concentration on COD and TP 
Removal

The experiments investigating the effect of initial 
concentration were conducted at 7.69 mA cm−2 cur-
rent density, pH 4.5, and 20 °C without stirring. With 
the aid of dilution using distilled water, the initial 
concentrations of COD and TP were adjusted as 10, 
20, 30, 40, and 50 g L−1. COD and TP analyses were 
made by diluting the appropriate amount for the sam-
ples taken over time. The data obtained at the end of 
the 5 h is given in Fig. 5.

As shown in Fig.  5, the decrease in initial con-
centrations increased the removal efficiencies. When 
the initial concentration was decreased from 30,000 
to 10,000  mg L−1, the COD removal efficiency 
increased from 25 to 28%, and the TP removal effi-
ciency increased from 41 to 57%. When the initial 
concentration was 50,000  mg L−1, COD and TP 
removal efficiencies were 20% and 40%, respec-
tively. The reduction of initial concentrations by dilu-
tion reduces the existing organic pollution load and 
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Fig. 3   The change of removal efficiencies of COD, TOC, and 
TP versus time

Fig. 4   Effect of stirring 
speed on COD and TP 
removal
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increases the removal efficiencies for COD and TP 
parameters (Kul et  al., 2015; Piya-Areetham et  al., 
2006). For this reason, in the electrooxidation process 
using Ti/IrO2/RuO2 anode, it was decided to set the 
initial concentration as 10,000 mg L−1 in the follow-
ing experiments. As seen in Fig. 5, it was determined 
that the wastewater used for TP removal contained 
approximately 5% TP. TP concentrations after dilu-
tion of wastewaters were determined as 500, 1000, 
1500, 2000, and 2500 mg L−1 TP for 10,000, 20,000, 
30,000, 40,000, and 50,000  mg L−1 COD concen-
trations, respectively. In this case, almost the same 
removal efficiencies were obtained at the initial TP of 
1500, 2000, and 2500 mg L−1 in TP removal by the 
electrooxidation method, while the removal efficiency 
increased at 500 and 1000 mg L−1 TP concentrations. 
Although the COD removal efficiency is not much 
affected by the concentration, the increase in TP 
removal with decreasing concentration indicates that 
TP decomposition occurs faster than other organic 
substances.

3.4 � Effect of Initial pH of Wastewater on COD and 
TP Removal

Experiments investigating the pH change were carried 
out at a current density of 7.69 mA cm−2 and 20 °C. 

No stirring was done during the experiment, and the 
initial concentration was adjusted to 10,000  mg L−1 
by diluting the wastewater for the experiment. The 
change of removal efficiencies for Ti/IrO2/RuO2 
anodes was investigated by choosing pH values as 
2, 4, 4.6 (natural), 6, and 8. HNO3 and NaOH were 
used for pH adjustment. The COD and TP analyses of 
the samples taken at different times were performed, 
and the data obtained at the end of the 5-h experiment 
period are shown in Fig. 6.

When Fig. 6 is examined, it is seen that the change 
in the pH values of the wastewater causes some 
change in the removal efficiency. When the pH value 
was reduced to 2, COD and TP removal efficiencies 
were 30% and 100% at the end of the 5-h contact 
times, respectively. In the experiments conducted at 
natural pH, COD and TP removal efficiencies were 
28% and 57%, respectively. When the pH value was 
increased to 8, COD and TP removal efficiencies 
were 17% and 100%, respectively. Although removal 
efficiencies increased at low pH values, because there 
was not much difference in removal efficiencies con-
sidering the costs of the chemical substance to be 
used, it was decided not to make pH adjustments in 
wastewater in other studies (Kul et al., 2015). When 
Fig. 6 is examined, it can be said that the initial pH 
of the wastewater does not affect the COD removal 

Fig. 5   Effect of COD con-
centration of wastewater on 
COD and TP removal
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much, but the removal is relatively higher at low pH. 
In addition, pH affects TP removal more than COD. 
It can be said that TP removal is much higher at low 
pHs because phenol is an easily reduced substance 
and that agents such as CI− in the wastewater are 
oxidized at low pH and cause phenol to break down 
(Ozturk & Yilmaz, 2019).

3.5 � Effect of Type of Supporting Electrolyte on COD 
and TP Removal

In the experiments where the support electrolyte type 
was examined, Na2SO4, NaNO3, KCl, and NaCl were 
selected as the electrolyte type. The experiments were 
carried out at a current density of 7.69 mA cm−2, the 
natural pH of the wastewater, and 20 °C. The initial 
COD concentration of OMW was set at 10,000  mg 
L−1. The effects of support electrolyte type on 
removal efficiencies for Ti/IrO2/RuO2 anodes were 
investigated. The results obtained for COD and TP 
removal efficiencies at the end of the 5 h of experi-
ments are shown in Fig. 7.

As shown in Fig.  7, different support electrolyte 
types cause significant changes in removal efficien-
cies. COD and TP removal efficiencies were 28% 
and 57% in experiments with no support electrolyte, 
respectively. The COD and TP removal efficiencies 
were 25%, 32%, and 24%, 90% in the experiments 

using Na2SO4 and NaNO3, respectively. Removal 
efficiencies increased significantly in the experiments 
where KCl and NaCl were used as supporting elec-
trolyte types. The COD and TP removal efficiencies 
were 98% and 100% in the experiments that used 
KCl. The removal efficiencies were 100% for COD 
and TP in the NaCl experiments (Kul et  al., 2015). 
The main reason NaCl and KCl increase the removal 
of COD and TP is that the chlorine it contains is oxi-
dized due to the reactions in water seen in Eq.  (12) 
and Eq. (13), thereby reducing the organic matter.

Due to the high conductivity of wastewater, the 
supporting electrolyte must be used in very high con-
centrations to reduce energy consumption. For this 
reason, since the supporting electrolyte used did not 
change the conductivity of the wastewater much, it 
did not affect the energy consumption much (Bingül 
et al., 2021a). Considering the costs, it was decided to 
use NaCl as the supporting electrolyte in other studies 
of the electrooxidation process using Ti/IrO2/RuO2 
anode since NaCl is cheaper and easily available.

(12)2Cl− → Cl
2
+ 2e−

(13)Cl
2(g) + H

2
O → HOCl + H+ + Cl−

Fig. 7   Effect of type of 
support electrolyte on COD 
and TP removal
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3.6 � Effect of Supporting Electrolyte Concentration 
on COD and TP Removal

In studies, the effect of supporting electrolyte con-
centration, 0.25 M, 0.5 M, 0.75 M, 1 M, and 1.25 M 
NaCl, was used as supporting electrolytes. The exper-
iments were carried out at the 7.69 mA cm−2 of cur-
rent density, pH 4.5, 20 °C, and COD concentration 
of 10,000 mg L−1. The COD and TP analyses of the 
samples taken at different times were made, and the 
data obtained at the end of the 5 h of experiments are 
shown in Fig. 8.

As seen in Fig. 8, although the increase in the sup-
port electrolyte concentration increases the removal 
efficiency up to a point in the experiments using Ti/
IrO2/RuO2 anodes, adding more has no effect on the 
removal efficiency. TP removal was obtained as 100% 
for all support electrolyte concentrations in the exper-
iments. When the support electrolyte concentrations 
of 0.25 M, 0.5 M, and 1.25 M were selected, the COD 
removal efficiencies were determined as 88%, 97%, 
and 96%, respectively. As the support electrolyte con-
centration increases, removal efficiency increases up 
to a point. After this point, the increase in the sup-
port electrolyte concentration does not increase the 
efficiency but decreases the energy consumption as 
it increases the conductivity of the wastewater (Kul 
et  al., 2015; Ozturk & Yilmaz, 2019). However, 

chemical matter removal is also increasing. There-
fore, the optimum dose should be selected.

3.7 � Effect of Current Density on COD and TP 
Removal

In the experiments where the initial current density 
was examined, the electrolyte concentration was set 
as 0.5 M NaCl, pH 4.5, 20 °C, and wastewater COD 
concentration as 10,000  mg L−1. Current densities 
for the trials were selected as 2.5, 5, 7.69, 10, and 
15 mA  cm−2, respectively. COD and TP analyses of 
the samples taken at different times were made and 
the results obtained at the end of the 5  h of experi-
ments are shown in Fig. 9.

As shown in Fig.  9, the increase in the current 
density in the trials using Ti/IrO2/RuO2 anodes 
resulted in a clear increase in the removal efficien-
cies. TP removal reached 100% at all current densi-
ties studied. The COD removal efficiencies for 2.5, 
7.69, and 15  mA  cm−2 were determined as 50%, 
97%, and 100%, respectively. Current density is an 
important parameter for the electrooxidation pro-
cess. While optimizing electrochemical treatment 
processes, the current density is one of the first 
parameters to be optimized. Because all the reac-
tions occur with energy exchange, this optimization 
is more important in countries with high energy 

Fig. 9   Effect of current 
density on COD and TP 
removal
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Fig. 10   Effect of tem-
perature on COD and TP 
removal

0

20

40

60

80

100

0 60 120 180 240 300

CO
D 

re
m

ov
al

 (%
)

Time (min)

10°C
20°C
30°C
40°C
50°C 0

20

40

60

80

100

0 60 120 180 240 300

TP
 re

m
ov

al
 (%

)

Time (min)

10°C
20°C
30°C
40°C
50°C

421   Page 8 of 12



Water Air Soil Pollut (2022) 233:421

1 3
Vol.: (0123456789)

costs. In addition, it is seen that the increase in cur-
rent intensity increases the reaction rate. While 100% 
efficiency is reached in 180 min for 15 mA cm−2, this 
time is around 240 min for 10 mA cm−2 and 300 min 
for 7.69  mA  cm−2. The cost of electrical energy 
required to achieve 70% efficiency for COD removal 
is given in Table 2. The electricity cost is assumed to 
be $0.07318/kWh (Bingül et al., 2021b).

The removal efficiencies did not change much 
when it was above 7.69 mA  cm−2. However, energy 
costs increased significantly. For this reason, in other 
studies, it was decided to use a current density of 
7.69 mA cm−2 (Kul et al., 2015).

3.8 � Effect of Temperature on COD and TP Removal

In the experiments where the effects of tempera-
ture were investigated, 0.5 M NaCl was used as the 
electrolyte concentration. The temperature values 
for the experiments were chosen as 10, 20, 30, 40, 
and 50  °C, respectively. In the experiments car-
ried out at the natural pH value of the wastewater, 
a constant temperature liquid circulator was used to 
ensure that the temperature remained at the desired 

value during the 5 h of experiments. There was no 
mixing during the experiment, and the initial con-
centration was set to 10,000 mg L−1, and COD and 
TP were made in the samples taken. The experi-
mental conditions and the removal efficiencies 
obtained at the end of the 5 h are shown in Fig. 10.

As shown in Fig. 10, in the experiments using 
Ti/IrO2/RuO2 anodes, the increase in tempera-
ture did not affect the removal efficiency much, 
even causing a slight decrease. TP removal was 
obtained 100% in all experiments at differ-
ent temperatures. COD removals are realized 
as 89%, 97%, and 78% for 10, 20, and 50  °C, 
respectively. When the COD removal efficiencies 
are compared, the maximum removal efficiency 
has been obtained at 20  °C. It is recommended 
to perform the processes at this temperature in 
the electrooxidation process using Ti/rO2/RuO2 
anode (Kul et al., 2015).

3.9 � Energy Consumption Under Optimum 
Conditions

The experiments investigating the effect of temperature 
changes on COD and TP removal efficiencies were car-
ried out at the 7.69 mA cm−2 of current density, pH 4.5 
(natural), 10,000 mg L−1 of wastewater COD concentra-
tion, and supporting electrolyte 0.5 M NaCl. The energy 
consumption values obtained using Eq. (11) with the help 
of the data obtained from these experiments using the Ti/
IrO2/RuO2 anode are shown in Fig. 11.

As shown in Fig. 11, the lowest energy consump-
tion in studies using Ti/IrO2/RuO2 anode was 396.25 
kWh m−3 at 10  °C. When the temperature was 
increased to 20 °C, the energy consumption was 462.5 
kWh m−3. Energy consumptions were 538.75, 593.75, 
and 692.5 kWh m−3 at 30  °C, 40  °C, and 50  °C, 
respectively.

Table 2   The cost of 
electrical energy required 
for COD removal

Current density 
(mA cm−2)

Energy consump-
tion (kWh m−3)

Treatment time for 
70% efficiency (min)

Energy con-
sumption ($ m−3)

Energy con-
sumption ($ 
kg−1)

2.5 - not reachable - -
5 150 300 54.885 7.84
7.69 260 150 47.567 6.79
10 350 120 51.226 7.318
15 450 90 49.397 7.067
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Fig. 11   Energy consumption under optimum conditions
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4 � Conclusions

This study used the electrooxidation process to exam-
ine the treatability of organic pollutants from OMW 
obtained from a local olive oil production facility 
in Balıkesir. The effects of system parameters on 
removal efficiencies were determined. The perfor-
mance of the system, in which all experiments were 
carried out under batch conditions, was calculated by 
measuring COD and TP parameters. In the electroox-
idation process using Ti/IrO2/RuO2 anode, stirring 
speed, dilution factor, pH, support electrolyte concen-
tration, support electrolyte type, current density, and 
temperature were selected as system parameters.

In the experiments using Ti/IrO2/RuO2 anode 
plates, the stirring speed was chosen as 0, 200, 
300, 400, and 600  rpm. Since the increase in stir-
ring speed up to a certain value accelerates the dif-
fusion of organic pollutants to the anode surface, 
the removal efficiencies slightly increased. Still, the 
excessively increased stirring speed reduced the dif-
fusion effect on the anode surface and reduced the 
removal efficiency somewhat. It can be concluded 
that there is no need for stirring in electrochemical 
systems where Ti/IrO2/RuO2 anode plates are used 
because the removal efficiencies at different stirring 
speeds show similar results and the additional costs 
of stirring.

The decrease in initial wastewater COD con-
centrations causes a reduction in the organic pol-
lution load in OMW and a noticeable increase in 
removal efficiencies. The results show that treat-
ing OMW and domestic wastewater with a low 
pollution load is possible. In the experiments 
made in the different wastewater pHs, although 
removal efficiencies have increased at low pH 
values, it can be seen that pH adjustment is not 
necessary for electrooxidation processes using Ti/
IrO2/RuO2 as an anode and there are not many dif-
ferences in removal efficiencies.

According to the results obtained in the experi-
ments in which the effect of the support electro-
lyte type was examined, it was determined that 
the COD and TP removal efficiencies increased 
significantly in the electrooxidation processes 
using NaCl and KCl. It is possible to conclude 
that using NaCl from these salt types may be 

more reasonable due to its cost. At different con-
centrations of NaCl, the results show that 0.5  M 
NaCl is the most suitable supporting electrolyte 
concentration.

In the electrooxidation study using Ti/IrO2/
RuO2 anodes, the optimum conditions are 
obtained as stirring speed of 0  rpm, wastewater 
COD concentration of 10,000  mg L−1, pH 4.6 
(natural), electrolyte concentration of 0.5 M NaCl, 
current density 7.69 MA cm−2, and temperature 
20 °C. At these optimum conditions, removal effi-
ciencies were determined as 97% and 100% for 
COD and TP, respectively. The energy consump-
tion value under optimum conditions was calcu-
lated as 462.5 kWh m−3.

The electrooxidation method can be used in treat-
ing this wastewater, characterized as OMW, and 
originates from the olive oil industry, which is dif-
ficult to treat with traditional methods due to the 
high amounts of organic matter, suspended solids, 
and color and low molecular weight phenolic sub-
stances. The space requirement of the electrooxi-
dation process is low and easy to operate. For this 
reason, it seems possible that OMW can be treated 
with the electrooxidation process, and the treated 
wastewater can be given to the municipal sewerage 
network.
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