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Abstract: In the present study, the optimization of electrocoagulation (EC) conditions for the
purification of olive debittering wastewater (ODW) was investigated by response surface methodology
(RSM). For this purpose, a central composite design (CCD) was employed to optimize the process
variables including current density (3.0–30.0 mA/cm2) and EC time (10.0–60.0 min). The results
showed a significant effect of current density and EC time on the removal efficiency of total phenolic
compounds (TPC) and chemical oxygen demand (COD). The best models obtained using the central
composite design were quadratic polynomial for TPC (R2 = 0.993), COD (R2 = 0.982), and the inverse
square root of turbidity (R2 = 0.926). Additionally, the square root of electrode consumption and
energy consumption were appropriately fitted to the two-factor interaction (2FI) model (R2 = 0.977)
and quadratic polynomial (R2 = 0.966) model, respectively. The predicted optimum conditions based
on the highest removal efficiency for TPC were a current density of 21.1 mA cm−2 and an EC time
of 58.9 min, in which the obtained model predicted 82.6% removal for TPC. This prediction was in
agreement with the laboratory result (83.5%). The amount of energy consumption and the operating
cost in these conditions was estimated to be 14.92 kWh and USD 6.49 m−3 per ODW, respectively.

Keywords: olive debittering effluent; electrocoagulation; RSM; total phenolic compounds; current
density; energy consumption

1. Introduction

Olive food products are known for nutritional and health benefits. The fruits are widely used for
the extraction of oil and are also consumed in processed forms. In 2018, an amount of 2.87 million
metric tons of table olive was produced worldwide, of which 108,895 tons belonged to Iran according
to agriculture statistics [1]. Virgin olive oil and its fruits have a characteristic taste because they contain
phenolic compounds that are derived from oleuropein hydrolysis [2,3].

The processing of fruits includes cleaning, debittering, and fermentation. In the debittering step,
they are soaked in alkaline or NaCl solutions and are washed with water frequently. The whole process
consumes a large quantity of water, which is entirely converted to the waste stream [4]. Generally,
olive industries use about 0.4–0.8 m3 water per ton of green olives in the debittering stage. A previous
study in Greece showed that olive treatment factories produce 3.9–7.5 m3 wastewater per ton of
green olives and 0.9–1.9 m3 wastewater per ton of black olives [5]. The generated discharge contains
different organic compounds such as phenolic compounds, as well as inorganic compounds with
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environmental risks that require appropriate remediation methods [6]. Generally, these industrial
wastewaters have high chemical oxygen demand (COD) values due to high organic load; for example,
for olive mill wastewater this value is 48,500 mg L−1 [7], and for potato chips manufacturing wastewater
it is 2800 mg L−1 [8]. Phenolic compounds are considered primacy pollutants which are dangerous
to organisms and may have adverse effects on human health. They are distributed in different
concentrations in industrial wastewaters; for example, olive mill wastewater has a concentration of
2400 mg L−1 [9] while oil refinery wastewater has a concentration of 13 mg L−1 [10]. The treatment of
industrial effluents containing phenolic compounds encountered operating problems due to their poor
biodegradability, high toxicity, and ecological status, such as the generation of toxic by-products [10].

A variety of methods are traditionally practiced for the refining of industrial wastewater.
The wastewaters have variable compositions, so different physicochemical or biological strategies are
needed with sufficient capability and acceptable operating charges. Usually, the biological treatment
methods are time-consuming, require high capacity reactors, and the organisms are sensitive to pH,
temperature, and toxic components [8–10]. Solid-phase extraction methods are encountered with
limited adsorption capacity and expensive production of adsorbents. Furthermore, a pre-filtration step
is required to remove suspended solids or oils, and the regeneration of the adsorbent is a challenging
issue [11,12]. In the chemical coagulation method, colloidal particulates are destabilized by the addition
of some chemicals. The particles form bigger aggregates that can be removed through filtration or
flocculation [13].

A variety of procedures based on electrochemical principles have been developed for the
treatment of wastewaters such as electrocoagulation, electroflotation, and electrochemical oxidation.
Electrocoagulation (EC) is a promising technology used for the removal of organic compounds,
colloidal particles, color, heavy metals, and microorganisms. EC can be considered as a coagulation,
sedimentation, flotation, and oxidation method [12].

In electrocoagulation, coagulant ions are generated in situ and from the anode material (commonly
Al or Fe). The hydrolysis of metal ions generates different ionic species (in the main cationic
forms). Subsequently, the colloids with negative charge neutralize through electrostatic interactions.
The aluminum (or iron) hydroxide flocs are known as efficient coagulants and have a large surface
area that can adsorb dissolved contaminants, such as color and turbidity. Simultaneously, when the
metal hydroxides precipitate, the impurities can also be trapped and removed. On the other hand, the
generation of gas bubbles on the cathode can float another part of the coagulated spices and pollutants.
During an EC treatment, a significant portion of the generated particles floats on the cell surface
and can be transferred easily. The insoluble agglomerates can be settled using settling tanks, media
filtration, ultrafiltration and other technologies to achieve water quality goals. The color and turbidity
can be removed as a result of the physical adsorption on the polynuclear metal hydroxide complexes.
Moreover, the process can reduce microbial load via the cell membrane rupture when the electrical
field applied [14–16]. In addition, the generation of hydrogen bubbles at the cathode supports the
flotation of coagulated species and simplifies their separation from the treated water [8,17].

Electrochemical methods, such as EC, have little or no adverse effects on the environment because
harmful reagents are not used in these methods. Electrochemical reactions are less sensitive to the
condition of the wastewater and can continue until a current is supplied to the electrode. It needs
simple equipment with straightforward operation, and the process generates a reduced amount of
sludge with fewer problems for disposal. In comparison with traditional chemical coagulation, EC is
capable of removing the smallest colloidal particles. During the EC process, the liquid is not enriched
with anions, the salt content does not increase, and a more compact sludge is produced. Furthermore,
the obtained hydrogen bubbles (resulting as a product of water electrolysis at the cathode) capture the
dispersed particles that are then separated by flotation [10,13,14].

A literature review reveals that treatment mechanisms in EC depend on the characteristic of
effluent and the design of the EC apparatus. The effectiveness of EC methodology (effect of charge
loading, electrode materials, coagulant-aid, current density, type and number of the electrode, etc.),
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is reported in the purification of different industrial effluents, especially in food industries [18–20].
Benekos et al. (2019) used EC (different current densities) for the treatment of table olive processing
wastewaters (different initial COD) to determine maximum COD and color removal. In the pilot-scale
reactor, they reached 42.5% and 85.3% COD and color removal, respectively, in a current density of
5.65 mA cm−2 [21]. García-García et al. (2011) employed EC to treat wastewaters from the green table
olive packaging industry. They reported that the best results were obtained (40% COD removal and
approximately complete removal of phenols and color) using aluminum in the anode and iron in
the cathode, a current density of 25 mA cm−2, a distance between electrodes of 0.6 cm and a time
of 50 min [22]. The EC treatment of olive mill wastewater using an aluminum electrode was also
studied. The evolution of the physicochemical parameters during the EC treatment showed that
under the following conditions: electrolysis time of 15 min, NaCl concentration of 2 g L−1, initial
pH of 4.2 and current density of 250 Am−2, the discoloration of the olive sample, the reduction in
COD and the reduction in polyphenols exceeded 70%, the consumption of the electrodes was 0.085
kg Al/kg COD removed, and the specific energy consumed was 2.63 kWh kg−1 COD removed [23].
Other methods were attempted to purify wastewater from table olive processing; for example, eight
white-rot fungi were grown in wastewater produced by the debittering process of green olives for
1 month and the reduction in total phenolic compounds, the decolorization activity and the related
enzyme activities were compared. Phenolic compounds were efficiently reduced by Pleurotus ostreatus
(52%) and Abortiporus biennis (55%), followed by Panellus stipticus (42%) and Dichomitus squalens (36%),
but only Pleurotus ostreatus had high decolorization efficiency (49%) [6]. A comparative study of
chemical coagulation and EC in treating the pharmaceutical effluent was made to find a more efficient
and cost-effective technology. The results showed that although chemical coagulation brought a
considerable decrease in COD, suspended solids and chlorides, the extent of the decrease in the total
dissolved solids (TDS) was only 14.05% using aluminum and 26.3% using FeCl3. Contrastingly, the
EC method which reduced both COD and TDS to a greater extent (92.3% and 91.5%, respectively)
proved more efficient with Fe-Al assembly using the lowest current of 0.04 A at a time interval of
15 min. Coagulant consumption is also less in EC compared to in chemical coagulation, rendering it a
cost-effective technology [13].

Treatment efficiency is commonly evaluated in terms of total organic carbon (TOC), chemical
oxygen demand (COD), turbidity, color, or the concentration of a particular species such as a metal ion.
The sacrificial anodes are dissolved and need to be replaced at regular intervals. Furthermore, the
formation of an oxide layer at the surface of the cathode may lead to a decrease in treatment efficiency.
High conductivity is necessary for the wastewater to decrease electrical energy consumption [24,25].

In the electrocoagulation, current density and EC time are two of the most important parameters
for achieving maximum removal of impurities [26] and their optimal selection can greatly help in
reducing energy consumption and thus reduce operating costs.

The ratio of practical current to the actual anode surface area toward a solution is defined as
current density [17]. The current density is an important parameter in the EC process which directly
has an effect on the growth rate of the flocs, bubble production, and coagulation rate. Higher current
densities produce higher concentrations of metal ions in the solution and generally enhance the removal
efficiency of the EC process. A larger current density means a smaller EC unit. However, the use of
high currents density is likely to waste electrical energy in the form of heat. More importantly, too high
current densities can reduce current efficiency [26]. Results of Yassine et al. (2018) showed that the
increase in electrolysis time (to 150 min) and the intensity of the current (1–3 A) significantly improved
the efficiency of EC (aluminum electrode) in oxidizing the organic matter and, subsequently, reduced
the pollutant power of olive mill wastewater. However, the consumption of energy and electrodes
increased simultaneously [27]. Benekos et al. (2019) stated that an increase in the electric current in
EC (Al and Fe electrodes) of table olive processing wastewaters was accompanied by a proportionate
rise in energy consumption, thus, increasing the current density from 3.87 mA cm−2 to 5.65 mA cm−2
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caused an increase in energy consumption from 0.68 kWh m−3 to 0.99 kWh m−3 in the same treatment
time (50 min) [21].

The main objective of the present study was the evaluation of electrocoagulation in the treatment
of olive debittering wastewater (ODW). Furthermore, the response surface methodology (RSM) was
used to optimize the efficiency of EC under different electrolysis times and current densities.

2. Materials and Methods

2.1. Materials

The fresh olive debittering wastewater (initial pH: 4.40 ± 0.04, Brix: 19.9 ± 0.2% and total soluble
solids (TSS): 12.7 ± 0.4 g L−1) was collected from Mahrad Chashni Toos Co. Mashhad, Iran. The
samples were kept within plastic containers in the dark and at temperature of 8 ◦C. The main chemical
properties of the ODW sample prior to treatment are presented in Table 1. The Folin–Ciocalteu reagent,
ferrous sulfate, hydrogen peroxide, hydrochloric acid (37% wt), and other chemicals were supplied
from Merck (Darmstadt, Germany) or Sigma-Aldrich (Louis, MO, USA).

Table 1. Chemical properties (mean ± SD) of the fresh olive debittering wastewater sample.

Parameter Level

Total phenolic compounds (mg L−1) (3.330 ± 0.014) × 103

Chemical oxygen demand (mg L−1) (2.0124 ± 0.0073) × 104

Biochemical oxygen demand for 5 days at 20 ◦C (mg L−1) (1.000 ± 0.052) × 102

Salt concentration (g L−1) (1.580 ± 0.063) × 102

Conductivity (mS cm−1) (1.628 ± 0.023) × 102

Turbidity (NTU) (1.52 ± 0.06) × 101

2.2. Analytical Procedures

The total phenolic compounds (TPC) were determined by the spectrophotometric Folin–Ciocalteu
method [28] with distilled water and diluted Folin–Ciocalteu reagent (1:10 ratio). To determine the
biochemical oxygen demand (BOD), an OxiTop respirometry measuring system (WTW, Weilheim,
Germany) was used with a limited measurement area up to 4000 mg L−1 of BOD. The COD was
measured by the standard test method (method 8000) with proper COD vials (Hach, Loveland, CO,
USA). The sample was poured in COD vials and put in a thermostat digestion reactor (Hach, LT200,
Loveland, CO, USA) at 150 ◦C for two hours, followed by a direct spectrophotometric (DR 5000 UV–Vis,
Hach, Loveland, CO, USA) reading at 620 nm [24]. The turbidity of samples was determined by an
AL450T-IR turbidity meter (AQUALYTIC, Dortmund, Germany). A digital conductometer (Mettler
Toledo, Greifensee Schweiz, Switzerland) was applied to measure the conductivity of samples. All
the fresh and EC-treated samples were initially filtered (Whatman filter paper No. 42; 2.5 µm) and
then used for the measurement of the mentioned parameters. The total amount of soluble solids was
determined in ◦Brix with an RX-5000 digital refractometer (Atago, Tokyo, Japan). Total suspended
solids (TSS) were measured according to standard test methods [29].

2.3. Electrocoagulation Procedure

The EC treatments were done in a handmade plexiglass cell (15 × 15 × 20 cm) under the constant
electrical current (Figure 1). The EC-cell is equipped with a digital DC power supply to deliver a
steady current from 0 to 20 A at a variable voltage from 0 to 30 V. Two rectangular planar sheets
(10 × 10 × 0.5 cm) of aluminum were served as the cathode and anode electrodes. The electrodes were
placed vertically at a distance of 1 cm. They were placed 1 cm above the cell bottom, allowing the
sample to be stirred during the electrolysis. Initially, the electrodes were rubbed with sandpaper to
eliminate adsorbed impurities. Then, the electrodes were washed with a hydrochloric acid solution
(10%), acetone, water, and then were dried at 100 ◦C. The aluminum plates were weighed before and
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after each EC run. After minor pH adjustment at 4 (with 0.1 mol/L NaOH and HCl solutions), the EC
cell was loaded with 2 L of ODW.
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Figure 1. The electrocoagulation–filtration set-up used in the laboratory analysis.

The Al plates were immersed in the solution and the electrical current was established between
electrodes. After a given time interval, the power source was removed, and 10 mL of the sample was
vacuum filtered. The filtrate was used to measure residual TPC, COD, and turbidity. The effect of the
EC time (10 to 60 min) and current density (3 to 30 mA m−3) were investigated.

According to Equations (1), (2) and (3), the removal efficiency (R) of each case including specific
electrical energy consumption (SEEC) and electrical energy consumption (EEC) were calculated [24]:

R (%) = ((C0 − C1)/C0) × 100 (1)

EEC (kWh/m) = (V × I × t)/(60 × v) (2)

SEEC (kWh/g) = EEC/(C0 − C1) (3)

where C0 and C1 are the initial and final concentrations of the organic load (mg L−1), respectively, I is
the electrical current (A), v is the sample volume (L), V is the working electrical potential (in volts), and
t is the EC time (min). Therefore, the SEEC is stated in terms of kWh per unit mass of the organic load
(g) [17,30,31]. The electrode consumption (ELC), meaning the electrode mass (g) consumed per cubic
meter (m3) of the wastewater, was determined depending on the weight loss of the anode electrode
during each EC run. The operating cost (OPC) was considered using Equation. (4).

OPC (USD/m3) = (a × EEC) + (b × ELC) (4)

where, a (USD/kWh) and b (USD/g) are unit prices of the electrical energy and electrode material,
which were calculated in the Iranian market in June 2019 [30]. All the EC runs were performed at room
temperature (25 ◦C). The experiments were done triplicate, and the means are reported.

2.4. Statistical Analysis

The response surface methodology was used to design the experiments and analyze the data.
The central composite design (CCD) was employed to determine the optimum EC conditions. The
complete design was involved 13 points, including 8 experiments and 5 central points. The independent
variables selected in this study were electrolysis time and current density. The TPC removal efficiency
and COD removal efficiency, turbidity, electrode consumption, and energy consumption were the
responses. Modelling of the obtained results was performed and then optimal points for the operation
were extracted. The design of the experiments was performed using a face central composite design
(FCCD) and Design Expert software version 7. The appropriate high and low range for current density
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(3 to 30 mA cm−2) and EC time (10 and 60 min) were selected based on some pretests. The quadratic
polynomial equation (Equation (5)) was used to predict the optimal conditions.

y = β0 +
k∑

i=1

βixi +
k∑

i=1

βijx
2
i +

k∑
1≤i≤j

βijxixj + ε (5)

where k represents the number of variables, β0 is the constant-coefficient, βi is the linear parameter
coefficient, Xi and Xj are variables, βij is quadratic parameter coefficient, and ε is random error of
experiments. The quality of model fitting was expressed by the coefficient of determination (R2). The
experimental data were fitted to different models (linear, quadratic, third-order polynomials, and
two factor interactions (2FI)). They were then statistically analyzed to select the appropriate model.
Statistically, it is a suitable model with no significant lack of fit and it has the highest value of R2,
R2

Adjusted, R2
Predicted, and low predicted residual error sum of squares (PRESS). The factors of the

models were evaluated at a 95% confidence level. A 3D response surface and contour plots were
drawn to evaluate the studied properties. Finally, to validate the results of the model under optimum
conditions, the lab experiment was performed and was compared with the predicted results.

In the normal plots of residuals resulting from all studied parameters, no particular trend of
increase or decrease in the variance were observed, assuming the residual variance to be constant. In
the plots of residuals versus the experimental runs, there was no trend involving the sinusoidal process
that confirms the assumption of independence between the data. Thus, the plots were not shown.

3. Results and Discussion

3.1. Model Fitting

The results of fitting different models on the obtained data showed that for most of the data, the
quadratic polynomial model was more suitable than the other models. Table 2 shows the bivariate CCD
obtained by RSM and the corresponding responses. This table reveals the TPC and COD contents and
turbidity of ODW, as well as the amount of electrode and energy consumption after electrocoagulation
treatment according to RSM runs. The data of removal efficiency of TPC, COD and turbidity value as
well as of electrode and energy consumptions were evaluated using analysis of variance (ANOVA).
The results are discussed below.
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Table 2. Properties of ODW after EC treatment based on RSM.

Experiment No. Current Density
(mA/cm2) EC Time (min) TPC (mg L−1) COD (mg L−1) Turbidity (NTU) Electrode

Consumption (g) Energy Consumption (kWh m−3)

1 16.5 35 1085 8908.4 2.14 1.67 7
2 16.5 60 700 7596 0.5 3.21 12
3 16.5 35 1026 8822.6 2.05 1.58 7
4 30 10 1715 10,724 18 1.82 8
5 3 10 3010 25,870 31.5 1.0 0.08
6 3 60 1743 15,070.2 8.9 0.4 0.48
7 16.5 10 1806 13,125.4 22 0.64 2
8 16.5 35 1115 9050.1 2.5 1.48 7
9 16.5 35 1062 8880 2.7 1.63 7

10 30 35 1319 9156 3.2 4.62 28
11 16.5 35 1102 8920.4 2.5 1.5 7
12 30 60 1020 7952.8 0.41 8.39 48
13 3 35 2296 21,756 32.5 0.25 0.28
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The ANOVA results of the effect of current density and EC time on TPC and COD removal
efficiencies are presented in Table 3, respectively. The effect of current density and EC time on removal
efficiency of TPC and COD were significant (p < 0.05). The lack of fit for the TPC-obtained model was
not significant (F = 3.76), indicating a strong signal of the model compared to its noise. High values
of R2, R2

Adjusted and R2
Predicted (0.996, 0.993 and 0.975, respectively) and low values of PRESS (81.93)

indicate the validity and suitability of the model to fit the removal efficiency data.
The lack of fit was significant (p < 0.05) for the obtained model for COD (F = 164.92), indicating

high noise in the model. Despite the high coefficients of R2, R2
Adjusted and R2

Predicted (0.988, 0.982 and
0.957, respectively) and low coefficient variable (CV = 4.72%) due to the significant lack of fit, using the
obtained model is not reliable for predicting removal efficiency.

Due to the high maximum to the minimum ratio (79.27), turbidity data were normalized by
converting them to the inverse square root, and then ANOVA was applied. The ANOVA results of the
effect of current density and EC time on the inverse square root of the removal efficiency of turbidity
are presented in Table 3. The best-fitting model was the quadratic polynomial, which is significant (p <

0.05). The current density and EC time have a significant effect on turbidity (p < 0.05). The lack of fit
was significant (p < 0.05) for the model (F = 21.66), indicating high noise in the model. Based on the
significant lack of fit and despite the high coefficients of R2 = 0.957 and R2

Adjusted = 0.926, and a low
value of PRESS = 0.96, using the model to predict removal efficiency of turbidity is not reliable.

Because of the high ratio of maximum to minimum, the electrode consumption (83.9) and the
energy consumption (600) data were first normalized by converting them to their square root. The
ANOVA results for the effect of EC working conditions on the square root of electrode consumption
and the energy consumption are given in Table 4.

The best-obtained models for the square root of the electrode consumption and the energy
consumption were the two-factor interaction (2FI) and quadratic polynomial models, respectively. The
effects of current density and EC time on them were significant (p < 0.05).

The lack of fit for the obtained model for the electrode consumption was not significant (F = 1.94),
indicating weak noise of the model compared to its signal. High values of R2, R2

Adjusted and R2
Predicted

(0.997, 0.996 and 0.995, respectively) and low value of PRESS (0.028) indicate the validity and suitability
of the obtained model to fit the removal efficiency data.

The lack of fit for the energy consumption model was significant (p < 0.05) for the obtained model,
indicating the high noise of the model. Despite the high coefficients of R2, R2

Adjusted and R2
Predicted

and low value of PRESS (Table 4), due to the significant lack of the fit, using the obtained model for
prediction of the square root of energy consumption is not reliable.
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Table 3. ANOVA results of the model obtained for the effect of current density and EC time on TPC, COD, and turbidity removal efficiency (R).

Source DOF MS F Value p Value

RTPC RCOD Rturbidity RTPC RCOD Rturbidity RTPC RCOD Rturbidity RTPC RCOD Rturbidity

Model 5 4 5 659.22 1218.98 0.44 360.49 165.98 31.04 <0.0001 <0.0001 0.0001
Current density 1 1 1 1011.23 2554.60 0.46 552.99 347.85 32.44 <0.0001 <0.0001 <0.0001

EC time 1 1 1 1061.13 1061.13 1.20 580.27 580.27 84.04 <0.0001 <0.0001 <0.0001
Current density × EC time 1 1 1 55.33 203.21 0.34 30.26 27.67 23.91 0.0009 0.0008 0.0018

Current density2 1 1 1 854.10 1351.33 0.19 467.06 184.00 13.14 <0.0001 <0.0001 <0.0084
EC time2 1 - 1 27.65 - 0.095 15.12 - 6.67 0.0060 - 0.0364
Residuals 7 8 7 1.83 7.34 0.014 - - - - - -

Lack of fit 3 4 3 3.15 14.60 0.031 3.76 164.92 21.66 0.1167 0.0001 0.0062

Pure error 4 4 4 0.84 0.084 1.450 ×
10−3 - - - - - -

Total 12 12 12 - - - - - - - - -

RTPC

Std. Dev. = 1.35 Mean =61.99 R2
pred = 0.9752 R2 = 0.9961 R2

Adjusted = 0.9934 C.V% = 2.18 PRESS = 81.93

RCOD

Std. Dev = 2.71 Mean =57.43 R2
pred = 0.9568 R2 = 0.9881 R2

Adjusted = 0.9821 C.V% = 4.72 PRESS = 212.96

Rturbidity

Std. Dev = 0.12 Mean =0.61 R2
pred = 0.5848 R2 = 0.9568 R2

Adjusted = 0.9260 C.V% = 19.60 PRESS = 0.96

DOF: Degrees of freedom; MS: Mean of squares; C.V: Coefficient of variable.
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Table 4. ANOVA results of models obtained for the effect of current density and EC time on the electrode and energy consumptions.

Source DOF MS F Value p Value

Electrode
Consumption

Energy
Consumption

Electrode
Consumption

Energy
Consumption

Electrode
Consumption

Energy
Consumption

Electrode
Consumption

Energy
Consumption

Model 3 5 1.94 8.27 1199.95 958.98 <0.0001 <0.0001
Current density 1 1 4.08 30.57 2524.13 3543.11 <0.0001 <0.0001

EC time 1 1 1.36 7.17 841.12 831.18 <0.0001 <0.0001
Current density × EC time 1 1 0.38 3.40 234.60 394.49 0.0001 <0.0001

Current density2 - 1 - 0.18 - 20.75 - 0.0026
EC time2 - 1 - 0.13 - 15.01 - 0.0061
Residuals 9 7 1.616 × 10−3 8.628 × 10−3 - - - -

Lack of fit 5 3 2.058 × 10−3 0.020 1.94 - 0.2705 -
Pure error 4 4 1.062 × 10−3 0.00 - - - -

Total 12 12 - - - - - -

Electrode Consumption

Std. Dev = 0.040 Mean = 1.28 R2
pred = 0.9952 R2 = 0.997 C.V% = 3.13 R2

Adjusted = 0.9967 PRESS = 0.028

Energy Consumption

Std. Dev = 0.093 Mean = 2.67 R2
pred = 0.9852 R2 = 0.9985 C.V% = 3.48 R2

Adjusted = 0.9975 PRESS = 0.61

DOF: Degrees of freedom; MS: Mean of squares; C.V: Coefficient of variable.
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3.2. TPC Removal Efficiency

A quadratic model with real independent variables for predicting TPC removal efficiency was
obtained and is presented in Table 5. As can be seen beside the current density and EC time, the second
power and interaction between them are effectively the same as the prediction model.

Table 5. Experimental models for predicting the studied parameters of ODW after applying the
EC treatment.

Parameters Equation for Real Variables

TPC removal efficiency (%) −1.75273 + 4.53150A + 1.06814B − 0.011020AB − 0.096490A2
−

5.06237E − 003B2

COD removal efficiency (%) −16.92197 + 5.97080A + 0.80065B − 0.021119AB − 0.11222A2

Inverse square root of turbidity (NTU−
1
2 )

0.15305 + 0.037499A − 0.017195B + 8.65932E − 004AB − 1.43084E −
003A2 + 2.97155E − 004B2

Square root of electrode consumption (g
1
2 ) 0.137680 + 0.029145A + 3.98708E − 003B + 9.12036E − 004AB

Square root of energy consumption (Kwh/m3)
1
2

−0.10653 + 0.025439A + 0.022889B + 2.73318E − 003AB + 1.39699E −
003A2

− 3.46508E − 004B2

A: Current density (range 3 to 30 mA cm−2); B: EC time (range 10 to 60 min).

The 3D response surface and contour plots of the effect of current density and EC time on TPC
removal efficiency are shown in Figure 2a,b, respectively. As the current density and time of the
electrocoagulation increased, the removal efficiency (in percent, %R) of TPC also increased. The
removal efficiency of TPC was improved when the current density increased to approximately 20 mA
cm−2 and remained nearly constant at higher current densities. The highest R% of TPC was observed
at the current density of 16.5 mA cm−2 and 60 min.
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The two compelling steps in the EC process are the destabilization of the suspended charged
particles through neutralization pursued by aggregation. The first step is commonly slow and
considered as the rate-determining step. Certainly, the dosage of metal ions was not enough in short
electrolysis durations to destabilize all fine and colloidal suspended particles, and as a result, low
removal efficiencies were achieved. Due to the formation of new flocs and saturation of released ions
from the electrodes, the removal efficiency remained stable at higher retention times [32].

Ogando et al. (2019) reported that total phenolic compounds of sugarcane treated by EC decreased
more in treatments with higher voltage. Assays of 65, 55, 45 and 35 V after 60 min presented reductions
of 35.2, 27.5, 19.4 and 12.7%, respectively [33].

Jeong et al. (2019) stated that the highest removal rate of phenolic compounds of hydrolysates
resulting from hydrolysis of Mongolian oak was obtained at pH 5–8, which was attributed to the
actions of Al(OH)3. They explained that the removal rate of TPC reached about 40% (39.9%) at 30 min,
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and by increasing EC time to 240 min, the TPC removal efficiency rose to 44.3% but remained in the
range of 40–45% [34].

It was reported that at the low concentrations of aluminum, the predominant species are the
complexes Al(OH)2

+ and Al(OH)4
− at the pH range of 6–7. The TPC are negatively charged compounds

and the positive complex would prefer to destabilize them. Thus, changes towards more acidic pH
involve positively charged aluminum ions, while changes towards more alkaline pH would not
favor destabilization. At higher aluminum concentration, the presence of unclear species such as
Al8(OH)20

4+ is enhanced, but the precipitate form, Al(OH)3, predominates, leading to trap or coagulate
contaminants (phenolic compounds) in the liquid phase [35].

3.3. Removal Efficiency of COD

Table 5 presents a corrected quadratic model with real independent variables for predicting
COD removal efficiency obtained after removing terms (the second power of EC time) that were not
statistically significant in the model. The 3D response surface and contour plots of the effect of current
density and operating time on COD removal efficiency are shown in Figure 3a,b, respectively.
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on removal efficiency of COD.

By increasing the current density up to approximately center point (16.5 mA cm−2), the removal
efficiency was clearly increased and then decreased, while increasing the EC time to 60 min improved
COD removal.

Khoufi et al. (2007) showed that 33.6% of the initial COD of olive mill wastewater was decreased
during an EC process (iron electrodes at a distance of 2 cm, a current density of 20 A, and an EC
time of 2 h). They also reported that most of the low molecular weight phenolic compounds and
ortho-diphenols significantly reduced through the EC. This was attributed to the polymerization of
simple aromatic compounds as well as the physical and/or chemical absorption of phenols to the solid
particles in the residual sludge [36].

Tchamange et al. (2016) reported that the amount of COD and turbidity of the leather effluent
after applying EC (electrode: Fe, current density: 0.4 A and EC time: 40 min) decreased rapidly, and 10
min after beginning the operation, the removal efficiencies of color and COD were 95.69% and 66.56%,
respectively [37]. The low COD removal was attributed to the presence of organic compounds in the
effluent that could not be eliminated by the EC.

3.4. Turbidity

A quadratic model with real independent variables is presented in Table 5 for predicting the
inverse square root of turbidity. In the obtained model, the second power of current density EC time,
and their interaction were effective for predicting turbidity.
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Figure 4a,b show the 3D response surface and contour plots for the effect of current density
and electrolysis time on the inverse square root of turbidity removal efficiency, respectively. As the
current density and EC time increased, the ODW turbidity decreased, and while higher turbidity was
obtained when current densities and EC times further increased, a more appropriate turbidity was
obtained in milder conditions. In agreement with Faraday’s law, the amount of the electrode that
dissolves in an electrochemical cell corresponds to the electrical current. At more elevated current
densities, the production of gas bubbles and coagulant species is increased, resulting in faster removal
of pollutants through sedimentation or flotation [16,17,38,39]. Since the consumption of both electricity
and electrode material becomes enhanced, very high current densities are not favored. The turbidity
depends on the amount of produced suspended solids and the presence of gas bubbles during the
electrolysis. At the beginning of the EC process, the color intensity increased due to the polymerization
of the initial phenols and tannins in the sample. The increase in color intensity was followed by
darkening, and finally a decrease in color intensity. [36]. The lower the turbidity of ODW and the
closer it is to drinkable water (below 1 NTU), the more efficiently the system acts.
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3.5. Electrode Consumption

Table 5 presents a 2FI model with real independent variables for predicting the square root of
electrode consumption. The second power of current density and EC time were not effective in the
predicted model, so they were removed.

Figure 5a,b present the 3D response surface and contour plots related to the impact of EC current
density and time in the square root of electrode consumption, respectively. As the current density
and EC time increased, the rate of electrode consumption increased, as is expected in an electrolytic
process. The lowest electrode consumption (0.1 g) was obtained at a current density of 3 mA cm−2 and
10 min, while the highest electrode consumption (8.39 g) resulted in a current density of 30 mA cm−2

and 60 min. The current density showed a more significant effect on electrode consumption than EC
time, so in an EC time of 35 min with an increasing current density from 3 to 16.5 mA cm−2 and 16.5 to
30 mA cm−2, the electrode consumption increased 6.4 and 2.9 times, respectively. In other words, at a
constant EC time of 35 min and with an increasing current density from 3 to 30 mA cm−2, the electrode
consumption increased 18.5 times (Table 2). At a current density of 16.5 mA cm−2, the increase in EC
time from 10 to 35 and from 10 min 60 min was associated with a 2.5 and 5 times increase in electrode
consumption, respectively. Bazrafshan et al. (2014) also reported that an increase in voltage from 10 to
60 V caused an increase in electrode consumption from 0.14 to 0.56 kg/m3 of BR−18 dye [40].
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3.6. Energy Consumption

A quadratic polynomial model with real independent variables is presented in Table 5 which is
for predicting the square root of energy consumption obtained. None of the terms removed because
they statistically were significant in the model (p < 0.05).

Figure 6a,b show the 3D response surface and contour plots of the effect of current density and
working time on the square root of energy consumption, respectively. As the current density and EC
time increased, the amount of energy consumption increased. The effect of current density on energy
consumption is higher than time. The lowest energy consumption (0.08 kWh m−3) was linked to the
current density of 3 mA cm−2 and 10 min, while the highest energy consumption (48 kWh m−3) was
observed at the current density of 30 mA cm−2 and 60 min. As can be seen in Table 2, in EC time of 35
min, with increasing current density from 3 to 16.5 mA cm−2, 16.5 to 30 mA cm−2, and 3 to 30 mA
cm−2, the electrode consumption increased 25, 4, and 100 times, respectively, while at a current density
of 16.5 mA cm−2, the increase in EC time from 10 to 35, 35 to 60, and 10 to 60 min was associated
with a 3.5, 1.7 and 6 times increase in electrode consumption, respectively. Tian et al. (2016) studied
the treatment of the household wastewater by the EC (anode: aluminum, cathode: activated carbon,
electrode distance: 1.5 cm and electrolysis time: 4 h). The results showed an enhancement in the
removal efficiency of pollutants along with increasing current density, which is associated with the
increase in energy consumption [41].Water 2020, 12, x FOR PEER REVIEW 16 of 20 
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3.7. Optimization of Electrocoagulation Operating Conditions

The optimum conditions for conducting an electrocoagulation operation were obtained by RSM
based on the variables of current density and EC time. Considering the importance of phenolic
compounds and their removal from the ODW, and considering the significance of the obtained model
and the insignificant lack of fit for it, the optimization was first performed based on the removal
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efficiency of TPC. The current density and EC time were optimized in the studied range, and their
importance and weight in the software were set at 3 and 1, respectively. The optimization was
performed to achieve maximum TPC removal efficiency with an importance of 5 and a weight of
10. The predicted values by the model under optimal conditions are presented in Table 6. In the
second step, the optimal conditions were obtained based on the maximum removal efficiency of TPC
and COD. As can be seen, there was not much difference between the optimal conditions in the two
procedures. To check the accuracy of the model, a practical test was performed under the predicted
optimal conditions. As presented in Table 6, the predicted and real data are very close to each other,
confirming the validity of the obtained models. Deghles and Kurt, used the Taguchi design to optimize
the parameters affecting the removal of pollutants from leather effluent by the EC method [42]. They
considered the parameters of current density, EC time, and pH as variables. The results showed that at
the optimum conditions (a pH of 7.0, a current density of 50 mA cm−2, and an EC time of 25 min), the
removal efficiency of COD, Cr, and color were 63.3%, 99.7%, and 82%, respectively. The operating cost
was USD 0.7 m−3 per effluent.

Table 6. Optimal conditions of predicted and laboratory variables and responses based on TPC and
COD removal efficiency.

The Basis of
Optimization

Current Density
(mA/cm2)

EC Time
(min)

TPC Removal (%) COD Removal (%) Desirability
Predicted Real Predicted Real

TPC removal
efficiency 21.1 58.9 82.6 83.5 - - 1.00

TPC and COD
removal efficiency 19.9 58.4 82.6 85.2 78.6 75.3 1.00

Table 7 shows the other properties of the ODW treated under the optimum conditions predicted
by the obtained models. There was no significant difference between the laboratory results in terms of
electrode consumption and energy consumption. However, the ODW sample treated based on the TPC
predicted model had lower turbidity. Under optimum conditions of EC, the amount of produced sludge
was 7% and the water recovery efficiency was 85%. The operating cost under optimum conditions
obtained based on the TPC predicted model was about USD 5.88 m−3. Kobya et al. (2006) considered
the prices of USD 0.06/kWh and USD 1.80/kg Al, and estimated the EC operating cost in the current
density between 50 and 300 A m−2 (for 20 min) to be USD 0.48 to 5.42 m−3 of chips wastewater. They
also estimated the EC operating cost of the wastewater for 5 and 40 min to be USD 0.62 and USD 6.32
m−3 wastewater, respectively [8].

Table 7. Other properties of ODW after electrocoagulation under predicted optimal conditions by FCCD.

Sample Model Turbidity
(NTU)

Electrode
Consumption

(Kg m−3)

Energy
Consumption

(Kwh m−3)
Operating Cost (USD m−3)

Fresh ODW - 17.8 - - -

Treated ODW

Based on TPC optimization (current
density: 19.98 mA cm−2, EC time:

58.39 min)
0.36 1.9 14.01 5.88

Based on TPC and COD optimization
(current density: 21.14 mA cm−2, EC

time: 58.93 min)
0.75 2.1 14.92 6.49

4. Conclusions

The present study aimed to optimize EC operation conditions for the reduction of TPC, COD and
turbidity from ODW using RSM methodology. The optimization of EC operation conditions (current
density and EC time) was performed using the central composite design. The optimal predicted
conditions based on the highest removal efficiency for the TPC were a current density of 21.14 mA
cm−2 and an EC time of 58.93 min, which in this case, the obtained model predicted 82.57% TPC
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removal. This prediction was in agreement with the laboratory result (83.5%). The results also showed
that at optimum conditions, COD and turbidity were reduced to an acceptable level, and it is worthy
to say that the electrode and energy consumptions in these conditions are reasonable. It seems that
the characteristics of the treated ODW have sufficient standards for reuse in the production line and
the debittering operation which is significant in terms of economic and environmental aspects. The
debittering of olive was completed by salt solution (15% NaCl) and as a result, the ODW even after
EC treatment (140.4 g L−1) contains a high concentration of salt. Therefore, serving treated ODW on
the production line will save both water and salt consumption. Based on the results, it is confirmed
that EC is an applicable treatment for ODW samples due to its process being faster than biological
treatments. Some future studies are suggested to confirm the practical viability of the process. To run
wastewater treatment on a large scale, it is required to optimize the construction of EC apparatus.
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