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Abstract
The olive mill wastewater is a major environmental problem, which is waiting for effective treatment. In this study, the 
mineralization of olive mill wastewater was investigated using the electro/FeII/persulfate process. The central composite 
design was utilized to examine the effect of each experimental variables (concentration of persulphate and FeII, treat-
ment time and constant current) on the mineralization of olive mill wastewater. The optimum chemical oxygen demand 
removal percentage was obtained as 71.2% where the reaction conditions were 200 mA current, 250 mM persulphate, 
25 mM FeII, and 6 h reaction time. In addition, the maximum percentage of total phenolic removal and the energy con-
sumption were 88% and 4.50 kWh/kgCOD, respectively, which were obtained at the same reaction conditions mentioned 
above. ANOVA test was used to examine the reliability of the experimental method. The  R2 and adjusted  R2 coefficients 
were obtained as 0.9634 and 0.9305, respectively. Optimum experimental parameters were determined and theoreti-
cal equations were obtained for the degradation of olive mill wastewater. For the treatment of olive mill wastewater, 
an environmentally friendly oxidation process was examined and the effect of each experimental variables was clearly 
demonstrated. The obtained data was optimized for future applications.

Keywords Advanced electro-oxidation processes · Mineralization · Olive mill wastewater · Persulfate · Response surface 
methodology

1 Introduction

The Olive oil industry is one of the most important eco-
nomic resources of the world. Approximately 95–97% of 
olive oil produced worldwide is supplied by Mediterranean 
countries such as Spain, Italy, Greece and Turkey. While 
these countries earn a large income from the production 
of olive oil, this process produces wastes that cause consid-
erable environmental problems. One of the most impor-
tant problems of them is olive mill wastewater (OMW), 
which is produced as a subsequent about 40–120 L per 
ton during the production of olive oil [1–7].

Basically, the composition of olive mill wastewater may 
vary depending on the climate conditions, types of olive 

trees, cultivation system, applied extraction methods 
and the structures of pesticides and fertilizers which are 
used for growing of olive fruit [8, 9]. Although the compo-
sition of OMW varies in a wide range, it is characterized 
by containing a high organic load, high chemical oxygen 
demand (COD) value (30–318 g/L), a high suspended solid 
content (24–120 g/L), representing low pH, plant toxicity, 
characteristic unpleasant odor and dark black-brown color 
properties [5, 9–11]. OMW’s basic molecules such as phe-
nolic compounds, tannins, organic acids, sugars, polysac-
charides, proteins and lipids that form its organic matter 
content, are resistant to biodegradation [5, 12, 13].

OMW causes many undesired environmental problems 
such as blocking passage of the sun light by forming a 
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colored layer on the surface of natural water, prevent-
ing oxygen transfer between water and atmosphere by 
forming an oily layer. In addition, it causes toxicity on the 
aquatic aura and living organism, alterations in soil quality 
and gives off odor nuisance [9, 14–16].

Essentially, the toxic effect of OMW is mainly caused 
by a high content of phenolic compounds [17–19]. 
Although olive fruit is very rich in terms of phenolic com-
pounds, only about 2% of it remains in olive oil phase 
during extractions. 98% of total phenolic compounds are 
released to the environment in OMW and olive pomace 
[20–22]. The amount of total phenolic contents in OMW 
varies from 1000 ppm up to 10,000 ppm [7]. In addition, 
phenolic compounds can polymerize to high molecular 
weight compounds, which are difficult to degrade by con-
ventional methods, during storage [23, 24]. Thus, OMW, 
which is released into the environment without control in 
excessive amounts, poses a great risk to the environment.

Various processes such as aerobic biological treatment, 
anaerobic treatment method, electrochemical treatment, 
ultrafiltration, precipitation/flocculation, and evapora-
tion ponds as well as a combined treatment process of 
these methods have been used in the treatment of OMW 
[5, 19, 25]. However, these methods do not provide high 
efficiency. Due to containing a lot of different resistant pol-
lutants, researchers make efforts to improve new and more 
efficient methods for the degradation of OMW [5, 26, 27].

For example, in some Mediterranean countries, OMW 
wastewater is collected in evaporation ponds then used as 
soil amendment without any treatment. However, apply-
ing evaporation open ponds, a sludge is produced which 
is black, malodorous and hard to treat. Also, depending on 
the depth of the evaporation ponds, the area and seasonal 
conditions, the evaporation process time can be increased. 
The natural evaporation process also includes a natural 
biological treatment. The microbiological study for 5 evap-
oration ponds in Tunisia was shown that yeast and mold 
were dominant but the bacterial population decreased 
after 75 days. The pH value (in the range 4.5–5.8), high 
content of antibacterial and phytotoxic substances such 
as phenolic, fat and lipid of OMW prevents the growth 
of microorganisms and consequently it fails the biologi-
cal treatment especially in the case of anaerobic diges-
tion treatment. As a result, it is difficult to say that these 
methods leave the final products which are completely 
economical and harmless to the environment [28–30].

Recently, membrane methods that do not require the 
use of any chemicals and have less space need are note-
worthy. Paraskeva et al. [31] treated OMW produced by the 
three-phase system using a pilot scale set-up consisting of 
ultrafiltration, nanofiltration, and reverse osmosis mem-
branes. They turned 70% of the initial volume into water 
that could be emptied without risking the environment or 

used for irrigation. However, the biggest disadvantage of 
membrane processes is higher first having investment and 
operating costs. Disposal of the concentrate solid waste 
after treatment is carried out by burning or sending to the 
landfill. Also, this method requires pre-filtration to prevent 
the membranes from becoming contaminated [31]. When 
the disadvantages of these methods are examined, it is 
clear that there is a need for powerful methods for the 
purification of OMW.

In recent years, electrochemical advanced oxidation 
processes (EAOPs), have attracted great attention due to 
their effectiveness in the degradation of toxic and persis-
tent organic molecules in water. The interest in using these 
methods is due to features such as their environmental 
compatibility, versatility, presenting high efficiency in 
the removal of persistent organic molecules and offering 
operational safety. The other advantages of EAOPs are pro-
viding the operation facility in mild conditions and gener-
ating very powerful radicals in water which are essential in 
the degradation of target pollutants [32–34].

The electro/Fen+/persulfate (E/Fe/PS) process, which is 
a combined process of metal ion and electro activation 
of persulfate, that favored the activation of persulfate, is 
an efficient degradation method of EAOPs, such as elec-
tro-Fenton (EF), photoelectro-Fenton (PEF) and electro-
persulfate (EPS) [33, 35, 36]. Persulfate, which has high 
solubility, good stability, and high reactivity (E° = 2.1 V) is 
commonly used as an oxidizing agent. Persulfate is gener-
ally activated to produce sulfate free radicals (SO4

·−) which 
are capable for degradation of persistent pollutants. Per-
sulfate turns into a sulphate molecule which is relatively 
harmless for the ecological functions of the environment 
at the end of the treatment process [34, 37]. Morover, the 
accepted highest concentration of  SO4

2− ion in water is 
250 ppm according to US EPA [38].

In the last few decades, many experimental design 
models have been used in experimental studies to reduce 
time and energy loss, as well as to show the effect of each 
experimental parameter and the interaction effects of 
them on the process. The response surface method (RSM) 
is one of the most important statistical methods which 
is used for the mentioned purpose by researchers. The 
central composite design (CCD) is a well-known second-
order RSM model which is needed quite a few numbers 
of design points while providing a reasonable amount 
of information for testing lack of fit of the experimental 
model [39–45].

In this study, optimum working conditions of OMW 
treatment by the electro/FeII/PS oxidation method, based 
on both, transition metal and cathodic reduction of per-
sulfate, were realized by applying the response surface 
method with the central composite design. Oxidation 
efficiency was measured by the COD removal, followed 
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by persulfate (PS) content and total phenolic (TP) removal 
percent at optimum conditions.

2  Experimental

2.1  Materials

Olive oil mill water, used for this study, was supplied from 
a local olive oil producing plant in Mersin. In this plant, 
Olive oil production is carried out using the traditional 
method. In the traditional method, olive oil is obtained 
by using hydraulic presses and hot water. The wastewa-
ter was allowed to cool to room temperature overnight. 
After centrifuged at 6000 rpm, samples were collected in 
polypropylene bottles, and kept at 4 °C, until further use. 
Characteristics of the OMW can be seen in Table 1. Potas-
sium persulfate  (K2S2O8), iron (II) sulfate heptahydrate 
 (FeSO4·7H2O), and chemical oxygen demand (COD) cell kits 
(0–15,000 mg/L) were purchased from Merck (Düsseldorf, 
Germany). Folin-Ciocalteu’s phenol reagent and Gallic acid 
(GA) were purchased from Sigma-Aldrich (St. Louis, MO). 
Anhydrous sodium carbonate was purchased from Fluka 
(USA). Ultra-pure water (18 MΩ cm at 25 °C) was provided 
using a Millipore Milli-Q Advantage A10.

2.2  Experimental design and optimization

The central composite design (CCD) was used for the 
response surface methodology in the experimental 
design. A CCD contains an imbedded factorial or fractional 
factorial design with center points which is augmented 
with a group of ‘star points’ that allow estimation of curva-
ture. The CCD could be accepted the best design because 
of allowing the estimation of individual and interaction 
factor effects independently of the block effect which 
called orthogonal blocking [46]. The independent varia-
bles of the constant current (mA), PS concentration (mM), 

FeII concentration (mM) were coded with low and high 
levels in the CCD design, as presented in Table 2. The COD 
and TP removal percents were chosen as the responses. 
Twenty experiments according to CCD matrix were per-
formed for the degradation of OMW in the Electro/FeII/
PS method as demonstrated in Table 3. The experimental 
results were analysed by Design Expert 9.0.6.2 version and 
the regression model was suggested.

The correlation of response and independent variables 
can be represented by linear or quadratic models (Eq. 1).

where Y symbolizes the response and x1, x2 and x3 depict 
the coded independent variable effects, and x1

2, x2
2and x3

2 
represent the quadratic effects. x1x2,x1x3 and x2x3 dem-
onstrate interaction effects. β1, β2, β3 and β11, β22,β33 rep-
resent the linear and quadratic coefficients, respectively. 
β12, β13 and β23 are the interaction coefficients. β0 and ε 
represent the constant and random error, respectively [47].

2.3  Experiments and sample analysis

In the experiments, 200  mL of 1:10 diluted OMW was 
used. The electro/FeII/PS experiments were carried out in 
a 250 mL of the cylindrical reactor made of glass material. 
An edge plane pyrolytic graphite (EPPG) (Momentive PG 
plate UEK, USA) electrode, which was prepared from the 
plates with a thickness of 0.5 cm (3 cm × 0.8 cm), was used 
as the cathode and a 10 cm2 platinum gauze electrode was 
used as the anode. FeII and persulfate salts were added in 
the amounts determined according to the experimental 
design, and then electrolysis was performed in different 
constant current values. A Support electrolyte was not 
used as the wastewater conductivity was sufficient. The 
pH adjustment was not made and the treatment time was 
fixed at 360 min, which was determined according to the 
results of preliminary experiments. The anode and cathode 
sets were connected to the positive and negative outlets 
of a DC power source (NEL PS2000 DC) with a maximum 
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Table 1  The content of OMW

nm not measured

Parameters Value

Raw
OMW

Diluted (1:10)
OMW

pH 5.01 ± 0.03 5.06 ± 0.05
Conductivity (ms/cm) 6.38 ± 0.07 0.81 ± 0.04
Total solids (g/L) 24.00 ± 0.61 Nm
Ash (g/L) 6.20 ± 0.18 Nm
Soluble total phenolic (mg/L) nm 1887.00 ± 11.02
Soluble COD (mg/L) nm 6265.00 ± 6.56
Soluble absorbance at  UV254 nm 17.45 ± 1.15

Table 2  Experimental range and levels of the independent vari-
ables for degradation of OMW by the electro/FeII/PS method

Factors: independent variables 
name

Coded levels

− α − 1 0 + 1 + α

x1: PS concentration (mM) 44.87 100 175 250 301.13
x2: FeII concentration (mM) 3.18 10 20 30 36.82
x3: Constant current (mA) 132 200 300 400 468
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current rating of 3 A. The samples were filtered through 
NY-0.45 μm syringe filters.

A total phenolic content was estimated based on 
Folin–Ciocalteau method and the calibration curve was 
prepared from 25 to 800 mg/L by selecting gallic acid as 
standard [48]. Briefly, 1 mL of Folin–Ciocalteau reagent and 
1 mL of sample solution are mixed. Then, the mixture was 
held in dark for 5 min. Next, 2 mL of  Na2CO3 solution (20% 
w/v) and 2 mL of distilled water are added to this mixture 
and resulting mixture was stored in the dark for 30 min. 
Finally, the absorbance of the mixture was recorded 
the spectrometer (Shimadzu, Japan) at a wavelength of 
714 nm.

The total phenolic removal percent was calculated 
through the equation below

where  TPi and  TPt refer to the TP content of the initial and 
treated sample, respectively.

Before the COD measurement, the Fe ions in the 
medium were precipitated by raising the pH. In addition, 
PS would interfere with COD measurements, the PS value 
was estimated in samples and COD value was corrected 

(2)TP Removal% =
TP

i
− TP

t

TP
i

× 100

as mentioned in a previous study [36]. The Persulfate con-
tent of treated aqueous samples was analyzed spectro-
metrically according to the method mentioned below at 
the end of the treatment time. Briefly, 0.2 g of  NaHCO3 
and 4 g of KI were solved into 40 mL water. A 100 μL of 
sample was added to this mixture and the mixture was 
shaken and allowed to equilibrate for 15 min in the dark 
[49]. The calibration graph was linear in the range of per-
sulfate solution concentration of 0–50 mM at 352 nm by 
UV–Vis (Shimadzu). The COD measurements were moni-
tored by the COD cell kit, which can function between 0 
and 15,000 mg/L of value. A Spectroquant NOVA 30 pho-
tometer was used to monitor COD values of treated and 
untreated samples.

3  Results and discussion

3.1  Evaluation of the obtained model by ANOVA

The effects of the variables on the COD removal percent-
age in the electro/FeII/PS oxidation of 1:10 diluted OMW 
were investigated with RSM using CCD. The obtained COD 
removal percentage, residual PS amount and TP removal 

Table 3  Central composite design for oxidation of OMW and observed response of the COD removal  %, and residue PS

Experimental Exp., Predicted Pre

Actual (coded) levels

Run PS concentration (mM) Fe concentration (mM) Constant current (mA) COD removal, % Residue PS
(mM)

Exp. Pre.

1 100 (− 1) 10 (− 1) 200 (− 1) 40.47 38.45 1.194
2 175 (0) 20 (0) 300 (0) 59.74 55.35 1.766
3 175 (0) 20 (0) 468 (+1.682) 60.64 62.32 1.877
4 100 (− 1) 30 (+1) 400 (+1) 43.13 42.60 2.682
5 175 (0) 36.82 (+1.682) 300 (0) 52.30 49.46 2.254
6 301.13 (+1.682) 20 (0) 300 (0) 80.00 78.86 6.092
7 175 (0) 20 (0) 300 (0) 53.19 55.35 1.755
8 175 (0) 20 (0) 132 (− 1.682) 60.96 59.90 1.877
9 250 (+1) 30 (+1) 400 (+1) 68.68 70.27 2.729
10 100 (− 1) 30 (+1) 200 (− 1) 40.15 41.67 2.574
11 175 (0) 20 (0) 300 (0) 57.78 55.35 1.774
12 250 (+1) 10 (− 1) 400 (+1) 64.51 62.56 9.880
13 48.87 (− 1.682) 20 (0) 300 (0) 35.20 36.96 1.960
14 175 (0) 20 (0) 300 (0) 50.93 55.35 2.134
15 175 (0) 20 (0) 300 (0) 55.02 55.35 1.745
16 175 (0) 3.18 (− 1.682) 300 (0) 36.82 40.27 2.022
17 100 (− 1) 10 (− 1) 400 (+1) 48.06 45.78 1.272
18 250 (+1) 10 (− 1) 200 (− 1) 60.52 60.61 0.840
19 250 (+1) 30 (+1) 200 (− 1) 72.87 74.72 2.612
20 175 (0) 20 (0) 300 (0) 55.53 55.35 1.872
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percentage were given in Table 3. The results of the COD 
removal percentage were fitted to the quadratic model 
with the  R2 value of 0.9634 when the matrix was arranged 
according to the CCD. In the conducted study, the percent-
age of COD removal from wastewater with an initial COD 
content of 6265 mg/L varied between 35.2 and 80.0%.

ANOVA of CCD model was evaluated to prove the 
model fitting of the experimental data. Table 4 shows the 
ANOVA results of the quadratic model for the COD removal 
percentage of OMW. It can be seen that the proposed 
model was highly significant depending on very low p 
values (< 0.0001). The fact that the F value of the obtained 
model (29.28) was higher than the tabulated F value 
 (F0.05, df, (n-(df+1)) = 3.02) of the table is a proof of the model 
fit. The other indicators of the model fit were high values 
of  R2 and adjusted  R2 coefficients, which were obtained as 
0.9634 and 0.9305, respectively.

3.2  Multiple regression modeling

The obtained experimental data shown in Table 3 were 
used to fit the polynomial model representing the COD 
removal% (response, Y) as a function of both PS and Fe 
initial concentration and applied current and fit model 
equation was shown below (Eq. 3):

Model coefficients with standard deviation were also 
given in the Table 4. Pareto graph analysis, which intro-
duces the positive or negative single, quadratic or interac-
tive effect of the variables on the COD removal efficiency 
was given in Fig. 1 [50, 51].

(3)Y = 12.46x1 + 2.73x2 + 0.72x3 + 2.72x1x2 − 1.35x1x3 − 1.60x2x3 + 0.90x2
1
− 3.71x2

2
+ 2.04x2

3
+ 55.35

It is clear that the most effective parameter for the 
COD removal of OWM was x1. However, it is observed 
that the linear effect of x1 is more than quadratic effect 
(x1

2) of it. In other words, the increase of the PS concen-
tration increases the COD removal linearly. While FeII 
concentration (x2) was the second positive effective 
parameter, applied current amount (x3) was a very inef-

fective parameter on the COD removal of the OMW. The 
quadratic effect (x2

2) of the variable x2 is greater than lin-
ear effect of it. At first, the increase in the FeII concen-
tration first increased the COD removal efficiency, but 

Table 4  ANOVA results and 
coefficients of the quadratic 
models for COD removal 
percentage obtained by CCD

Source COD removal %

Mean square df F Value p value prob > F Coefficient estimate (β)

Model 2620.52 9 29.28 < 0.0001 55.35 (± 1.29)
x1 2119.00 1 213.07 < 0.0001 12.46 (± 0.85)
x2 101.90 1 10.25 0.0095 2.73 (± 0.85)
x3 7.08 1 0.71 0.4186 0.72 (± 0.85)
x1x2 59.24 1 5.96 0.0348 2.72 (± 1.11)
x1x3 14.50 1 1.46 0.2550 − 1.35 (± 1.11)
x2x3 20.45 1 2.06 0.1821 − 1.60 (± 1.11)
x1

2 11.79 1 1.19 0.3017 0.90 (± 0.83)
x2

2 197.90 1 19.90 0.0012 − 3.71 (± 0.83)
x3

2 59.74 1 6.01 0.0342 2.04 (± 0.83)
Residual 99.45 10
Lack of Fit 49.93 5 1.01 0.4965
Pure error 49.52 5
Total 2719.97 19

Fig. 1  Graphical pareto chart
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then caused the decline. In addition, variables x1 and x2 
showed synergistic effects (x1x2) for the COD removal.

3.3  Three‑dimensional (3D) response surfaces

SO4
·− radical is more aggressive than persulfate and can 

degrade pollutants more effectively. Persulfate can be 
activated in various reactions based on using heat, base, 
 H2O2, UV, ultrasound (US), transition metals or cathodic 
reduction to produce SO4

·−radical as shown in the following 
reactions [34, 37, 52–54].

As known, ·OH is a very powerful and non-selective 
oxidant which is used for removing of persistent organic 
pollutants. When the redox potentials of SO4

·−  (E0 = 2.6 V) 
and ·OH  (E0 = 2.7 V) are compared, it is seen that the redox 
potentials of them are very close [37, 55]. However, there 
are several prominent features that make it possible to 
prefer sulphate radical to ·OH radicals. The first advantage 
of using SO4

·− is providing working at acidic pH levels. Sec-
ondly, sulphate radical is more stable in water and the life-
time of SO4

·− (30–40 μs) is longer than the ·OH ones (20 ns). 
In addition to these properties, the sulphate radicals have 
high solubility and offer an effective working chance on a 
wide pH range [56].

(4)S2O
2−
8

+ heat/UV/US → 2SO⋅−

4

(5)S2O
2−
8

+ Fe2+ → SO⋅−

4
+ SO2−

4
+ Fe3+

(6)S2O
2−
8

+ e− → SO⋅−

4
+ SO2−

4

For the production of sulphate radical, iron can be 
used as a metal source, which is relatively harmless and 
quite cheap. Iron provides the activation of persulfate to 
sulphate radicals by requiring lower activation energy 
according to thermal activation. However, it must not be 
forgotten that the excess of iron can cause undesirable 
results during the production of radicals. Excess ferrous 
ions can enter the reaction with radicals and cause them 
to be damped. Thus, the optimised amount of iron must 
be used in oxidation reactions [37, 57].

In the control studies, only 9.7% COD removal was 
obtained after 6 h of electro-PS treatment with 100 mM 
PS in the absence of ferrous ion (Eq. 6). When the waste-
water, containing 20 mM Fe and 200 mM PS, was kept for 
6 h at ambient conditions, a COD removal of 15% was 
achieved (Eq. 5). In the previous study, it was elaborated 
in detail that the electro-PS and metal catalysed-PS oxida-
tion methods alone were not effective [33].

The 3D graphs, providing valuable insight on the influ-
ences of the independent variables and their interactions 
on the dependent variables, were obtained based on Eq. 6. 
The interactive effect of PS concentration and FeII concen-
tration on the COD removal percentage while holding cur-
rent at 200 mA was shown in Fig. 2. As mentioned earlier, 
the initial concentration of PS was the most effective vari-
able on COD removal of OMW. Therefore, a linear increase 
in the COD removal, due to the increase in PS concentra-
tion, was observed. At the same time, it is seen that this 
increase in the COD elimination is also influenced by the 
amount of FeII. In other words, the synergistic effect of the 
two variables was arisen. With FeII concentrations of 10 
and 25 mM, the COD removal increased by 57% and 70%, 

Fig. 2  Interactive effect of 
initial concentrations of FeII 
and PS on the COD removal 
percentage of OMW
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respectively, when the PS concentration was increased 
from 100 to 250 mM.

Figure 3 presents the interactive effect of PS concentra-
tion and applied current amount at constant initial FeII 
concentration (25 mM). The applied current amount was 
found as the most ineffective variable on COD removal, as 
seen from the Pareto chart graph (Fig. 1). It is more appro-
priate to work at low currents because of the high cost at 
high current values.

The interactive effect of FeII concentration and applied 
current amount at constant initial PS concentration 

(250 mM) was given in Fig. 4. FeII concentration is another 
variable that is effective on the COD removal. Figure 4 
shows that the COD removal increased from 61% to 71% 
when the FeII concentration was increased from 10 mM to 
20 mM. However, this efficency slowed down above this 
concentration. For example, the results obtained for 25 
and 30 mM were 73% and 75%, respectively.

Fig. 3  Interactive effect of PS 
concentration and applied 
current on the COD removal 
percentage of OMW

Fig. 4  Interactive effect of FeII 
concentration and applied cur-
rent on the percentage of COD 
removal of OMW
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3.4  The optimization

Optimum condition and a condition close to the opti-
mum value, which were within the CCD range, were set 
for maximum COD removal and validation experiments 
were performed on these conditions (Table  5). It was 
observed that the percentage of obtained COD removal 
and the predicted values of the model were in harmony 
with each other for 6 h of treatment time. In both cases, 
approximately 50–60% COD removal was achieved for 
the first 3 h, but the degradation rate slowed in the fol-
lowing time. When the PS residue concentration was 
examined, 27–29 mM of PS were determined after 3 h. In 
case of increased electrolysis time, the concentration of 
PS decreased which could indicate that sufficient radical 
production ensured. In case of TP removal in OMW, when 
200 mM of PS, 200 mA of current, and 25 mM of FeII were 
applied, the obtained efficiency achieved after 3 and 6 h 
was 61% and 88%, respectively.

Moreover, the energy consumption at the optimum 
conditions after 6 h treatment (Table 5) was calculated as 
follows [58]:

where I is the applied current (A), V is the average cell volt-
age (V), t is electrolysis time (h), Vs is the solution volume 
(L), and ΔCOD is the decay in COD (g/L).

(7)Energy consumption
(

kWh (kgCOD)
−1
)

=
IVt

(ΔCOD)Vs

According to the results in Table 5, when we compare 
the energy consumption in our study with the values of 
similar studies in the literature, our results seem quite 
good. For example, Barbosa et al., obtained 44.6% COD 
removal efficiency after 7 h of electrooxidation of diluted 
OMW (1:3, 5188 mg/L initial COD concentration) using 
BDD anode, and calculated energy consumption as 42 
kWh/kgCOD [59]. Also, Gotsi et al. has performed elec-
trooxidation of OMW using stainless steel 316 L cathode 
and titanium (Grade II/VII) anode (covered by a thin film 
of tantalum, platinum and iridium alloy) and reached 27.1 
kWh/kgCOD energy consumption with low COD removal 
after 120 min [60].

Some of the electrochemical methods previously 
applied for OMW treatment were given in Table 6. Com-
pared with the methods in the table, the electro/Fe/PS 
method may require more chemicals, but it can be said 
that it is more effective at lower current values and shorter 
treatment time.

4  Conclusion

The treatment of OMW was investigated by the electro/
FeII/Persulfate process using response surface methodol-
ogy. The influence of applied current and the initial con-
centration of PS and FeII ions on the removal efficiencies of 
COD and TP was analysed. The electrochemical treatment 

Table 5  The validation experiments for OMW treatment by the electro/FeII/PS system

Conditions COD Removal  % Time (h) PS residue 
(mM)

TP Removal  % Energy Consump-
tion (kWh/kgCOD)

I (mA) [PS]0 (mM) [FeII]0 (mM) Actual Predicted

200 250 25 59.4 3 29.2 61 5.40
66.2 5 5.02 69 4.84
71.2 74.0 ± 3.2 6 4.84 88 4.50

200 200 20 46.7 3 27.4 48 7.64
53.5 5 3.99 61 6.67
63.4 61.4 ± 3.2 6 2.01 73 5.63

Table 6  Electrochemical processes of OMW

Method Initial COD, g/L Conditions COD removal % References

Electro-oxidation 65 platinized Ti-N electrodes separated by a cationic exchange membrane, 
V = 500 mL, t = 10 h, j = 3.5 A/dm2

55 [61]

Anodic-oxidation 10 BDD anode, I = 30 A, t = 14 h 73 [62]
Anodic-oxidation 5.19 Si/BDD anode, j = 30 mA/cm2, 7 h 44.6 [59]
Electro-oxidation 15.5 3% NaCl as the electrolyte, t = 8 h, V = 16 V 70 [63]
Electro-Fenton 1.840 V = 100 mL, t = 7 h, I = 200 mA, pH = 3, Carbon felt cathode, Pt anode, 

 Fe2+= 0.1 mM
90 [64]

Active chlorine 26.75 Ti/TiRuO2 anode, stainless steel cathode, I = 5 A; NaCl = 5 g/L, t = 17 h Almost complete [65]
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of OMW was optimized by using the CCD method. The reli-
ability of the method was proved by the  R2 and adjusted 
 R2 values which were obtained as 0.9634 and 0.9305, 
respectively. The optimum COD and TP removal efficien-
cies were obtained as 71.2% and 88% at 6 h of treatment 
time, 200 mA current, 250 mM PS, and 25 mM FeII initial 
concentration. Also, the maximum and minimum value of 
TOC removal rate was obtained as 35.2% and 80.0%. The 
energy consumption at optimum condition was calculated 
as 4.50 kWh/kg COD for 6 h of electrolysis. Additionally, it 
is possible to increase the efficiency by increasing the PS 
concentration and the reaction time through considering 
economic and environmental sensitivities.

OMW cannot be treated directly by a single method 
because of its complex and intense organic pollutant con-
tent as cited in many studies in the literature. However, the 
results obtained in our study show that the electro/FeII/
Persulfate process can be used effectively with combined 
other advanced oxidation methods for the treatment of 
real olive mill wastewater.
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