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Abstract

In this study, the electrocoagulation (EC) process that uses electric current to remove contaminants
from water, was used to optimize the treatment of urban wastewater. This process is an alternative
treatment method that has attracted increasing attention, which are often limited by high costs and
significant sludge production. The study aimed to optimize the turbidity (cloudiness caused by
suspended particles) and chemical oxygen demand (COD, which measures organic pollutant levels)

using response surface methodology combined with a central composite design.

The experiment was conducted using real effluent from a wastewater treatment plant. The initial COD
was 386.70 mg/L and the turbidity was 202.29 NTU. Four key parameters were studied: current
intensity (X1), electrode surface area (X;), electrolysis time (Xs), and stirring speed (Xa). This process
relies on the dissolution of sacrificial iron anodes. This generates metal hydroxides that destabilize

pollutants via charge neutralization and adsorption.

Variance analysis showed an excellent fit of the mathematical models, with high coefficients of
determination (R? = 97.72 for turbidity and 99.25 for COD). The current intensity was the most
influential factor for both responses. Turbidity removal followed a nearly linear behavior. However,
COD removal exhibited significant quadratic effects (p = 0.004), indicating more complex interaction

mechanisms, such as adsorption and oxidation, and the existence of an internal optimum.

Multi-objective optimization enabled the identification of ideal operating conditions: a current
intensity of 0.775 A, an electrode surface area of 375 cm?, a time of 75 min, and agitation at 400 rpm.
Under these conditions, the study achieved near-total turbidity removal (~100%) and a COD reduction
of 97.57%. This study confirms that RSM-optimized electrocoagulation constitutes a highly effective
solution for the purification of domestic effluents, paving the way for more sustainable industrial

applications.
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. Introduction

Water resource pollution is one of the main environmental challenges today, owing to the continuous
increase in industrial and domestic wastewater discharges (Yusmaini et al., 2023). These effluents
typically contain suspended solids, organic compounds (Mokhter, 2017), and colloidal substances
responsible for high turbidity and a high chemical oxygen demand (COD) (Osman, 2022), thereby
affecting the quality of the receiving environments and the health of aquatic ecosystems (Natchia et

al., 2023).

Conventional wastewater treatment processes, such as chemical coagulation-flocculation, adsorption,
and biological treatments, have several limitations, including reduced effectiveness for certain
pollutants, significant sludge production, and high operating costs (Nabbou et al., 2025). These
constraints have led to a growing interest in the development of alternative technologies that are more

efficient and environmentally friendly (Bellebia et al.,2009) (Shamshad & Rehman, 2025).

Among these technologies, electrocoagulation has proven to be a promising method for the removal
of pollutants present in wastewater, such as turbidity (Zodi, 2012), organic matter (Garcia-Segura et
al., 2017), and heavy metals (Al-Shannag et al., 2015) (Bazrafshan et al.,2015). It has been successfully
applied in the treatment of textile effluents containing dyes (Bayramoglu et al.,2004) (Nufez et
al.,2019), agri-food wastewater rich in organic matter (Zongo, 2009), and industrial effluents (irdemez
et al.,2006) (Asselin, 2007) contaminated by heavy metals such as lead (Fu-Hu, 2015) and chromium
(Kamar et al.,2018) (Adhoum et al.,2004). This electrochemical process relies on the anodic dissolution
of sacrificial electrodes, typically made of aluminum or iron, enabling the in-situ generation of
coagulant species capable of neutralizing surface charges and promoting the aggregation of colloidal
particles (Moussa et al.,2017). In the case of iron electrodes, the anode dissolves under the effect of

the electric current according to the following oxidation reaction:

Fe > Fe?*+2& (1)



The ferrous ions formed can then be oxidized into ferric ions:

Fe*> Fe¥+ & (2)

At the cathode, the reduction of water leads to the formation of hydrogen and hydroxide ions:
2H,0 + 2e~ - H,+ 20H™ (3)

The generated metal ions then react with the hydroxide ions present in the solution to form metal
hydroxides, such as Fe (OH), and Fe (OH)s. These species possess strong coagulating power, enabling
the destabilization of colloidal particles and the adsorption of pollutants present in the effluent,

leading to the formation of easily separable flocs (Bennajah, 2007).

Pollutant Removal Mechanisms

The removal of contaminants during electrocoagulation primarily relies on several mechanisms:
The neutralization of colloidal particle charges,

The adsorption of pollutants onto the formed metal hydroxides,

Sweep flocculation,

These mechanisms lead to the aggregation of particles and their removal through sedimentation or

flotation (Fouad et al.,2009) (Zaied et al., 2020).

Numerous studies have demonstrated the effectiveness of electrocoagulation in reducing turbidity

and COD, with the advantage of reducing the use of chemical reagents (Ebba et al., 2022).

However, the efficiency of the electrocoagulation process depends heavily on operational parameters
such as current intensity, electrode surface area, electrolysis time, and agitation. The simultaneous
optimization of these parameters remains a challenge, particularly when multiple responses must be
maximized simultaneously. In this context, the application of the response surface methodology

(Response Surface Methodology, RSM) combined with an experimental.

Design constitutes a powerful statistical tool for analyzing the individual and interactive effects of

operational factors and determining the optimal process conditions (Asaithambi et al., 2018).

The primary objective of this study was to optimize wastewater treatment through electrocoagulation
by simultaneously maximizing turbidity and COD removal efficiencies using a multi-objective
optimization approach based on RSM. This study also aims to better understand the influence of
operational parameters and their interactions to improve process performance and contribute to its

industrial-scale application.



This methodology provides a comprehensive understanding of the electrocoagulation process that
would be impossible to achieve through traditional experimental methods, while also delivering

optimal conditions directly applicable at an industrial scale.
. Experimental and methods

2.1 Influence of operational parameters

Current intensity

The current intensity controls the electrode dissolution rate and the production of metallic ions.
Increasing the current promotes the formation of coagulating hydroxides and generally improves the

pollutant removal efficiency (Dubrawski et al.,2014) (Nasrullah et al., 2019).
Electrode Surface

The electrode surface area influences the active zone available for electrochemical reactions to occur.
A larger surface area allows for greater metal ion production and improves process performance (Wu

et al., 2022).
Electrolysis Time

The electrolysis time determines the total amount of coagulant generated in the system. A longer time

promotes pollutant removal but can increase energy consumption (lbrahim and Salman, 2022).
Stirring Speed

Stirring enhances mass transfer within the reactor and promotes contact between pollutants and

metal hydroxides, which improves floc formation (Trinh et al.,2021).
2.2 Statistical Analysis

Several factors can influence an electrochemical reaction, including the nature and type of electrode
used, the composition and nature of the solution, and the environmental conditions (Khemis, 2005).
According to our comprehensive literature review and parameter screening, the applied current,
treatment time, contact surface area, and magnetic stirring were the most influential parameters. The
ranges and levels chosen for these variables were based on a synthesis of previous studies in the
literature and were supported by preliminary experiments conducted in our laboratory to ensure their
relevance for the type of urban wastewater and reactor size used in this study. The selection of the

levels for the studied variables is presented in the following table.

Table 1: Experimental parameter variation domains and levels studied.



Parameters Current Contact Area Electrolysis Time Magnetic
Density (A) (cm?) (min) Stirring (rpm)
Variables and Concept | X X2 X3 Xa
Low Level (-1) 0.25 150 30 100
Mid-Level (0) 0.425 225 45 200
High Level (-1) 0.6 300 60 300

2.3. Experimental Design (DOE)

The response surface methodology (RSM) was applied using a central composite design (CCD)
(Allaberi,2023). The implementation of the CCD is essential to achieve the rotatability of the linear and
quadratic terms, offering significant advantages for the optimization and exploration of
interrelationships between several independent variables and one or more dependent variables

(Bhattacharya, 2021).

This statistical approach allows the establishment of a mathematical model describing the

relationship between the operational variables and the system responses.

The experimental design was structured to study the influences of four main factors: current
intensity, electrolysis time, electrode surface area, and agitation, while the analyzed responses were
the turbidity removal yield and COD. Multi-objective optimization was performed using the
desirability function, which transforms multiple responses into a global function to be maximized to
determine the optimal operating conditions. This approach not only improves the overall efficiency
of the electrocoagulation process but also enhances the understanding of the influence and

interactions of the operating parameters on the treatment performance (Trigueros et al., 2022).

The yield expressions were given by the variation in turbidity and COD of the wastewater under the

effect of an electric current, relative to the initial turbidity and COD according to the following

relationship:

00 = (M) 100 g
n: Yield (%), Turbidity;: Initial concentration of turbidity (mg O,/1), Turbiditys: Final concentration of
turbidity (mg O/1)

n(%) = (F2522). 100 (5)



n: Yield (%), COD;i: Initial concentration of Chemical Oxygen Demand (mg O)/l), CODs: Final

concentration of chemical oxygen demand (mg O/I).
All experiments used a combination of parameters and levels (As shown Table 2).

Table 2 : Experiment design matrix.

Variable X1(A) | Xa(em?) | Xz(min) | Xa(rpm) | Y1(%) | Y2(%)
experiment

1 1 -1 0 0 93.34 | 88.90
2 0 -1 -1 0 90.19 | 85.90
3 -1 -1 0 0 89.36 | 84.15
4 1 0 0 -1 95.53 | 90.98
5 0 -1 0 1 93.71 | 89.25
6 0 1 0 -1 90.55 | 86.24
7 1 0 0 1 94 89.53
8 0 0 0 0 91.51 | 87.16
9 0 0 -1 -1 89.23 | 84.98
10 -1 0 -1 0 89.10 | 84.70
11 1 0 -1 0 91.57 | 87.21
12 0 -1 1 0 89.83 | 85.56
13 1 1 0 0 94.39 | 89.89
14 0 -1 0 -1 91.15 | 86.74
15 0 1 -1 0 93.52 | 89.07
16 0 1 1 0 91.75 | 87.38
17 0 0 1 -1 89.33 | 85.08
18 -1 0 0 -1 90.19 | 85.90
19 0 0 -1 1 92.92 | 88.50
20 -1 0 1 0 92.81 | 88.39
21 0 0 0 0 91.50 | 87.11
22 0 0 0 0 91.57 | 87.18
23 0 0 1 1 90.38 | 86.08
24 0 1 0 1 92.97 | 88.55




25 -1 0 0 1 88.32 | 84.11
26 1 0 1 0 96.02 | 91.44
27 -1 1 0 0 91.75 | 87.38
28 0 0 0 0 90.41 | 86.5
29 0 0 0 0 90.35 | 85.9
30 0 -1 0 1 92.06 | 88.3
31 0 1 -1 0 89.6 | 85.8

2.4. Studied Effluent

The raw effluent used in this study was collected from the inlet of the Guelma City wastewater
treatment plant (WWTP). Urban-origin samples were collected in previously cleaned polyethylene
bottles and stored at 4°C to stabilize their physicochemical properties and inhibit any biological activity

prior to experimental testing.
2.5. Experimental Setup

Electrocoagulation experiments were conducted in a rectangular glass reactor with a volume of 500
ml. The electrochemical system comprised six rectangular iron electrodes arranged in a parallel
configuration. Each electrode measured 7.5 cm in length, 5 cm in width, and 0.1 cm in thickness,
corresponding to a total active surface area of 225 cm?. The electrodes were connected to a DC

power supply (Metrix AX501) to allow precise control of the applied current intensity.

The interelectrode distance was kept constant throughout the tests to ensure a homogeneous
distribution of the electric field. Magnetic stirring was performed using a variable-speed magnetic
stirrer to promote the mass transfer and homogenization of the suspension. Before each experiment,
the electrodes were washed with an acetone solution to remove all prior impurities and ensure
reproducibility of the operating conditions as shows in Fig.1. The tests were conducted in batch mode

according to the conditions defined in the experimental plan.



Figure 1: Experimental setup of the EC assembly.

3.Results and discussion
3.1. Wastewater Characterization

As shown in Table 1, the urban wastewater exhibited distinct physicochemical parameters. The
average pH of the laundry greywater presented in Table 3 was 7.52, which is close to neutral. Iron
electrocoagulation is a suitable technology for treating laundry greywater, as the optimal pH range
for iron electrocoagulation is typically between 6.0 and 8.0. Within this range, iron electrodes are

most effective for generating iron hydroxide flocs, facilitating contaminant removal.

The main characteristics of the raw effluent, including pH, turbidity, and chemical oxygen demand
(COD), were measured using standard methods before each experiment and are presented in the

following table:

Table 3 : Wastewater characteristics.

Parameter Average Value Maximum
oH 7.52 78
Temperature (°C) 15.42 18.2
Conductivity (uS/cm) 1.398 1.8
386.70 488

COD (mg 02/L)




BODs (mg O,/L) 215 284.4
T5S (mg/L) 278.7 300

Turbidity (NTU) 202.29 >50
NOs~ (mg/L) 4.22 6.5
NO2- (mg/L) 4.46 5.8

3.2. Construction of the Mathematical Model

The experimental data obtained from the experimental design were analyzed using response surface
methodology to establish a mathematical model describing the relationship between the independent

variables and the studied response (Makela, 2017).

The second-order polynomial model used in the response analysis is expressed by the following

equation:
Y = ag + X2, aiX; + I, a5 + Do aipcXijr + 2img aXf (6)
Where:

Y represents the response function (turbidity or COD),
ao is the model constant,
a; are the coefficients of the linear effects,

aj represents the coefficients of the interactions between the variables, aii corresponds to the

coefficients of the quadratic effects,

Xi and X; are the coded independent variables, and m represents the number of factors studied (Talhi,

2010).

In this study, four operational parameters were considered:
Xi: current intensity

X,: electrode surface area

Xs: electrolysis time

Xa4: Agitation speed

The form of this equation for four parameters is as follows:

Y = ag + a1X1 + axXy + a3X3z + asXg + a12X1Xo + a13X1X3 + a1aX1Xa + a23XoX3 + 224X2Xs + 23aX3Xs + @123X1XoX3 +

a124X1X2Xa + 223aX2X3Xa + A123aX1XoXsXa + A11X1? + @22X2? + A33Xs? + aaaXa®  (7)



Y refers to the studied responses, namely Y1 and Y2, the turbidity and COD reduction efficiencies

expressed as percentages (%).

Table 4: Definition of the influencing factors and responses of the experimental design.

X X1 Xz X3 X4 Y1 Y2
Parameter | Current | Contact | Electrolysis | Stirring Turbidity Chemical Oxygen
(A) Area Time Speed Removal Demand Removal
(cm?) (min) (rpm) (Efficiency Efficiency
(%) (%)

3.3. Statistical Analysis

Analysis of Variance (ANOVA) is the central statistical tool used in these sources to validate the
modeling and prioritize the parameters influencing the treatment efficiency of wastewater by
electrocoagulation (Obi et al., 2022). This confirmed the robustness of the mathematical models and

distinguished the removal mechanisms for turbidity (Y1) and COD (Y2).
3.4.1. Influence of Operating Parameters on Turbidity Yield
ANOVA confirmed that the quadratic model for turbidity was highly significant, with a p-value < 0.001.

e Model adequacy: The coefficient of determination is R? = 97.72%, indicating that the model
explained almost all the variability in the experimental data.

o Influential factors: All linear factors (X1, Xz, X3, Xa) were significant (p<0.05). Current (X;) was
identified as the most dominant factor, with an F-value of 387.37.

e Interactions and curvature: Only the interaction between current and time (X1X3) was
significant (p=0.003). The absence of significant quadratic terms (p=0.375) demonstrates that
the turbidity yield follows an almost linear behavior.

Table 5: Regression parameters and determination coefficients for turbidity yield.

S R-sq R-sq (adj) R-sq (pred)

0.399916 97.72% 95.72% 92.67%

The ANOVA shows that the order of influence of the factors is as follows:

Current (X1): This was the dominant factor with the highest F-value (387.37) and a p=0.000. Its
An Increase enhances the production of ferrous and ferric coagulating agents.

Electrode surface area (X;): The second most influential factor (F = 155.87).

Electrolysis time (Xs): (F = 101.31).

Current-Time interaction (X:X3): This is the only significant interaction (p=0.003), indicating



a synergy for floc maturation.

The quadratic effects were not significant for turbidity, indicating linear behavior.

Table 6: Analysis of Variance (ANOVA) Results for the Response Surface Model of Turbidity.

Source DF Adj SS Adj MS F-value P- value
Model 14 109.626 7.8304 48.96 0.000
Linear 4 105.983 26.4958 165.67 0.000
X1(A) 1 61.953 61.9531 387.37 0.000
Xa(cm?) 1 24.929 24.9288 155.87 0.000
X3 (min) 1 16.203 16.2033 101.31 0.000
Xa (rpm) 1 2.898 2.8982 18.12 0.001
Square 4 0.726 0.1815 1.14 0.375
X1(A)*X1(A) 1 0.142 0.1422 0.89 0.360
Xa(cm?) *X5(cm?) 1 0.373 0.3733 2.33 0.146
X3(min)*X3(min) 1 0.158 0.1577 0.99 0.336
Xa(rpm)*Xa(rpm) 1 0.268 0.2677 1.67 0.214
Two-Factor 6 2.917 0.4861 3.04 0.035
Interaction
X1(A)*X2(cm2) 1 0.008 0.0081 0,05 0.825
X1(A)*X3(min) 1 2.031 2.0306 12,70 0.003
X1(A)*Xa(rpm) 1 0.109 0.1089 0,68 0.421
Xa(cm?) *X3(min) 1 0.286 0.2862 1.79 0.200
X2 (cm?) * X4 (rpm) 1 0.152 0.1521 0.95 0.344
X3(min)*Xa(rpm) 1 0.331 0.3306 2.07 0.170
Error 16 2.559 0.1599
Lack of Fit 10 1.079 0.1079 0.44 0.881
Pure Error 6 1.480 0.2467
Total 30 112.185

3.4.2. Influence of parameters on COD removal efficiency

For chemical oxygen demand (COD), ANOVA revealed a more complex structure.

e Model adequacy: The fit was even more precise than that for turbidity, with an R? = 99.25%.




Significance of quadratic terms: Unlike turbidity, the quadratic terms where highly significant
(p=0.004). This proves the existence of an internal optimum for the removal of organic matter.

Key interactions: In addition to the current-time interaction (X1Xs), the current-agitation interaction

(X1X4) was significant (p=0.025), highlighting that agitation influences the floc structure and overall

efficiency.

Table 7: Regression parameters and coefficients of determination for COD yield.

S

R-sq

R-sq (adj)

R-sq (pred)

0.224210

99.25%

98.60%

96.87%

The influence of factors is more pronounced and complex:

Current (X1): was the most dominant factor with a very high F-value of 1177.41.

Surface (X;) and Time (X3): with respective F values of 489.03 and 335.86.

Quadratic terms (X:?): Unlike turbidity, they were highly significant (p=0.004), proving the existence

of an internal optimum for organic matter removal.

Significant interactions: X1X3 (Current-Time): Highly significant (p=0.000), XiXs (Current-Agitation):

Significant (p=0.025), indicating that agitation affects the structure of organic flocs.

While current intensity is the main driver of treatment in both cases, COD removal is also strongly

influenced by curvature (quadratic) effects and more complex interactions between parameters.

Table 8: Analysis of Variance (ANOVA) Results for the Response Surface Model of COD.

Source DF Adj SS Adj MS F-value P- value
Model 14 107.147 7.6533 152.24 0.000
Linear 4 104.099 26.0248 517.70 0.000
X1(A) 1 59.189 59.1890 1177.41 0.000
Xa(cm?) 1 24.584 24.5835 489.03 0.000
X3 (min) 1 16.884 16,8840 335.86 0.000
Xa (rpm) 1 3.443 3.4428 68.49 0.000
Square 4 1.200 0.2999 5.97 0.004




X1(A)*X1(A) 1 0.262 0.2621 5.21 0.036
Xa(cm?) *X3(cm?) 1 0.537 0.5366 10.67 0.005
X3(min)*X3(min) 1 0.443 0.4431 8.81 0.009
Xa(rpm)*Xa(rpm) 1 0.327 0.3273 6.51 0.021
Two-Factor 6 1.848 0.3079 6.13 0.002
Interaction

X1(A)*Xa(cm?) 1 0.104 0.1040 2.07 0.170
X1(A)*X3(min) 1 1.249 1.2488 24.84 0.000
X1(A)*Xa(rpm) 1 0.305 0.3053 6.07 0.025
Xa(cm?) *X3(min) 1 0.074 0.0743 1.48 0.242
X2 (cm?) * X4 (rpm) | 1 0.018 0.0176 0.35 0.563
Xs(min)*Xa(rpm) 1 0.098 0.0977 1.94 0.182
Error 16 0.804 0.0503

Lack of Fit 10 0.520 0.0520 1.10 0.476
Pure Error 6 0.284 0.0474

Total 30 107.951

3.5.1. Statistical analysis of Y1 removal efficiency

The Pareto diagram of normalized effects allows identification of statistically significant factors

influencing turbidity removal efficiency at the significance threshold a = 0.05 as illustrated in Fig.2.



Pareto Chart of the Standardized Effects Y1(%)

Factor/Name
A Xa1(A)

B X2(cm2)
(&3 X3(min)
D Xa(rpm)

o 5 10 15 20
Standardized Effect
Figure 2: Normalized Effects Pareto Diagram for Response Y1.

The diagram reveals that the current was the most influential factor on turbidity removal, followed by
treatment time and their interaction as can be seen in Fig.3. The absence of significant quadratic

effects suggests the quasi-linear behavior of the process within the studied experimental domain.
3.5.2. Statistical Analysis of Y, Removal Efficiency

Pareto Chart of the Standardized Effects Y2 (%)
Term 212

Factor/Name
A X1(A)

B Xz(cm2)
C X3(min)
D X4(rpm)

0 5 10 15 20 25 30 35

Standardized Effect

Figure 3: Normalized Pareto chart of effects for response Y2.

The Pareto diagram of the normalized effects shows that factors A (X1), B (X2), C (X3), and D (X4) have
a significant influence on the COD removal efficiency, as their effects exceed the significance line
(2.12). Factor A had the most dominant effect, followed by B and C. The AC interaction showed a
moderate effect, whereas the other interactions and quadratic effects remained non-significant at the

95% confidence level.



Current intensity (X1) was more influential for COD (Y;) than for turbidity (Y1) because of the complexity
of the chemical mechanisms involved and the higher statistical sensitivity of COD to this parameter

(Mousazadeh et al., 2023).
Here is the evidence extracted from the sources that explains this difference:
1. A clear statistical superiority

The ANOVA performance indicators show that the impact of X; is significantly more substantial for

COD.
T-value: For COD, X; had a T-value of 34.31, compared to 19.68 for turbidity.

F Value: The F value for X; for COD reaches 1177.41, which is approximately three times higher than
that for turbidity (387.37).

This demonstrates that the variation in current explains a much larger proportion of the variance in

results for COD than for turbidity.

2. Complexity of Treatment Mechanisms: The increased influence of current on COD is explained by

the nature of the pollutants being removed.

Turbidity: The current primarily generates ferrous/ferric ions for coagulation-flocculation, a relatively

direct and linear mechanism.

For COD: In addition to coagulation, the removal of organic matter (COD) requires more energy-
intensive and complex mechanisms, such as adsorption, coprecipitation, and potentially direct or
indirect oxidation. X; is the main driver for the production of all the chemical species required for these
multiple reactions. Curvature Effects and their Interactions. The role of X; in COD removal is also more

critical because it exhibits nonlinear effects that are not observed for turbidity.

Quadratic effect (X12): For COD, the term X;2was statistically significant (p=0.036), indicating that there
was a precise optimal current point beyond which the efficiency changed. This effect was negligible for

turbidity (p=0.360).

Multiple interactions: For COD, X, interactd significantly with time (X1X3) and agitation (X1X4, p=0.025).
These complex interactions make COD yield much more dependent on precise current intensity
settings. If current is the dominant factor in both cases, it is the true pivot of COD treatment because
it orchestrates more diverse and sensitive chemical reactions than simple water clarification (i.e.,

turbidity).

This statistical distinction reflects the complexity of the physical phenomena described in the sources.



e Turbidity is removed through a direct coagulation-flocculation mechanism: the more coagulant ions

are produced (via current and time), the more particles are trapped (Okolo et al., 2021).

e COD involves more sensitive mechanisms, such as adsorption and oxidation. These processes are not
purely proportional ; for example, excessive agitation can break up organic flocs, or too high an
intensity can trigger secondary reactions. It is this complexity that creates the "curve" (the quadratic

effect) captured by the mathematical model (Sanou et al., 2017).
Comparative Analysis of Turbidity and COD

Turbidity is primarily governed by a relatively simple coagulation-flocculation mechanism, witch
explains the absence of marked curvature. In contrast, COD depends on more complex mechanisms
(adsorption, oxidation, coprecipitation), which explains the presence of an internal optimum and the

significance of the quadratic terms (Assaad et al.,2007).
3.6. Mathematical Modeling: Regression Equations

The final equations in non-coded units are as follows: The terms in bold correspond to factors with a

statistically significant impact (p < 0.05).
Regression equation for Y; (%) is as follows:

Y1(%) = 88.75 + 2.45 X1 - 0.00277 X - 0.0785 X3 - 0.00563 X4 + 2.30 X;2 + 0.0000203 X,2 + 0.000330 X32
+0.00000968 X42 + 0.00171 X1*X, + *0.1357 X1X3 - 0.00471 X1*X4 + 0.0001189 X,*X; + 0.0000130 X2*X4
+0.0000958 X3*X4 (8)

Regression equation for Y, (%) is as follows:

Y2(%) = 82.44 + 4.49 X1 + 0.00154 X, - 0.0631 X3- 0.00047 X4 + 3.13 X1 + 0.00002435 X,? + 0.000553 X5?
+0.00001070 X42 +0.00614 X1*x2 + 0.1064 X1*X3 - 0.00789 X1*X4 + 0.0000606 X,*X3 + 0.00000442 X,*X4
+0.0000521 X3*Xs (9)

3.7.1. Turbidity optimization:
The contour plot relating X1 and Xz illustrates the following points:

Linear behavior: Since the quadratic terms are not significant (p=0.375), the contour lines tend to be
relatively straight or exhibit very slight curvature. This indicates that the yield increases steadily and

proportionally as the current and time increase.

The significant interaction (p=0.003) between these two factors indicates that to maximize turbidity
removal, both parameters must be adjusted simultaneously. The higher the current, the faster the

production of coagulating agents, and a longer time allows for the maturation of the flocs, which



The significant interaction (p=0.003) between these two factors indicates that maximizing turbidity
removal requires simultaneous adjustment of both parameters. A higher current accelerates the
production of coagulating agents, while a longer duration allows flocs to mature, which is graphically

represented by peak efficiency zones located in the upper right corner of the graph.
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Figure 4: Turbidity variation for X: 225 cm? and X4: 200 rpm.
The multi-objective optimization of the two response functions aims to maximize the process
performance. To graphically represent 3-D response surfaces based on the polynomial design of
electrocoagulation efficiency, it would be necessary to modify the yield function with respect to only
two factors, while fixing the other two variables to a value near the region where the possibility of

achieving an optimum is highest.
Therefore, the turbidity yield equation will take the form:
Y1 =91.81 - 0.075X; + 0.0044X3 + 2.30X;2 + 0.000330X52 + 0.1357X1X3 (10)

The graph illustrating this equation was created using Minitab software (Figure 4). The plot indicates a

maximum yield within the measurement limits of X; and X3, near the optimal value.
3.7.2. Optimization of COD
The contour plots for COD are more complex due to the presence of an internal optimum.

Presence of Curvature (Quadratic Effects): Unlike turbidity, the contour lines for COD exhibit more
elliptical or circular shapes. This reflects the fact that the squared terms (X;?) are highly significant
(p=0.004), indicating that there is a performance peak beyond which efficiency begins to stagnate or

decline.
Current-Time Interaction (X1X3)

The graph shows a very strong interaction (p=0.000). The maximum yield zone (the contour's "target")
is clearly defined by a precise combination of high current and sufficient time to allow for the

adsorption and oxidation of organic matter.



The contour plots for COD are more complex due to the presence of an internal optimum.

Presence of curvature (quadratic effects): Unlike turbidity, the contour lines for COD exhibit more
elliptical or circular shapes. This indicates that the squared terms (Xi?) are highly significant (p=0.004),

proving that there is a performance peak beyond which efficiency begins to stagnate or decrease.
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Figure 5: Variation in COD for X,:225 cm? and X4:200 rpm.

In order to calculate the maximum DCO yield, the normalized average values for surface area and
agitation will be estimated as 225 cm? and 200 rpm, respectively. Therefore, the DCO yield equation

will take the following form:
Y2 =86.41 + 1.03X; - 0.019X3 + 3.13X,2 + 0.000553X52 + 0.1064XXs  (11)

The graph illustrating this equation was created using Minitab software (Figure 5). The plot indicates a

maximum yield within the boundaries of the X1 and X3 measurements near the optimal value.

Current—Agitation Interaction (X1X4): This graph is critical as it shows a significant interaction (p=0.025).
The contour lines reveal that moderate agitation promotes mass transfer, but excessive agitation (too
high a speed) combined with high current can break up organic flocs (fragmentation), leading to a drop

in yield, visible through a change in the direction of the contour lines.

The contour plots confirm that turbidity follows a straightforward clarification process, while COD
requires fine-tuning to achieve an optimal balance between chemical production and the physical

stability of the flocs.
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Figure 6: Variation of COD for X,: 225 cm? and Xz: 45 min.
To calculate the maximum DCO vyield, the standardized average values for surface area and time will

be estimated as 225 cm? and 45 min, respectively. Therefore, the DCO yield equation will take the

following form:
Y>=86.52 + 10.17X; + 0.0051X4 + 3.13X:2 + 0.00001070X4% - 0.00789%:Xs  (12)

The graph illustrating this equation was created using Minitab software (Figure 6). The diagram

indicates a maximum yield between the limits of the X; and X4 measurements, near the optimal value.

According to the statistical optimization results presented in the sources, the optimal operating
conditions for maximizing turbidity removal efficiency (Y1) are identical to those selected for COD in a

multi-objective optimization framework:
- Current intensity (X;): 0.775 A.

- Electrode surface area (X2): 375 cm?.

- Electrolysis time (X3): 75 min.

- Stirring speed (X4): 400 rpm.

Under these conditions, the mathematical model predicts an adjusted turbidity efficiency of 103.21%.
Although this theoretical value exceeds 100% due to approximations in the statistical model, it

indicates nearly complete removal of suspended solids.
For the COD:

According to the results of the multi-objective optimization presented in the sources, the optimal

conditions to maximize the COD removal efficiency (Y,) are as follows:
e Current intensity (X1): 0.775 A.

e Electrode surface area (X,): 375 cm?.



e Electrolysis time (X3): 75 min.
e Stirring speed (Xs): 400 rpm.
Under these specific conditions, the model predicts a COD removal efficiency of 97.57%.

This configuration is considered optimal because it accounts for the complexity of COD mechanisms
(adsorption, oxidation), which, unlike turbidity, exhibit significant quadratic effects indicating the
existence of an internal optimum. For example, stirring (X4) must be set at this level to promote mass

transfer without causing floc fragmentation, which would reduce removal efficiency.
4.Recommendation

The findings of this work demonstrate that optimized electrocoagulation is an efficient, chemical-free
technology for removing diverse pollutants from urban wastewater. To support future scale-up and

industrial application, subsequent research should focus on:

%+ Evaluating the long-term effects of electrode passivation and developing automated

electrochemical polarity-reversal schedules to maintain low polarization potentials.

%+ Assessing the economic and technical feasibility of coupling electrocoagulation with
advanced oxidation processes (e.g., peroxi-coagulation or solar photo-electro-Fenton) to

degrade highly recalcitrant organic micro-pollutants.

% Testing novel multi-element alloy anodes to optimize coagulant generation rates, minimize

specific electrical energy consumption, and extend electrode operating lifespans.
5. Conclusion

This study has demonstrated the effectiveness of the electrocoagulation process for treating urban
wastewater, using a rigorous optimization approach through response surface methodology combined
with a central composite design. The application of this statistical tool proved successful in modeling
and predicting treatment performance with high accuracy, as evidenced by the high coefficients of

determination (R? of 97.72% for turbidity and 99.25% for COD).

Analysis of variance identified current intensity as the most influential parameter on treatment
efficiency. However, the study revealed greater complexity in the removal of COD, characterized by
significant quadratic effects indicating the existence of an internal optimum linked to adsorption and
oxidation mechanisms. In contrast, turbidity reduction followed a nearly linear behavior, primarily

governed by the production of coagulating agents.

Multi-objective optimization enabled the determination of ideal operating conditions to

simultaneously maximize both efficiencies:



Current intensity : 0.775 A
Electrode surface area : 375 cm?
Electrolysis time : 75 min
Stirring speed : 400 rpm

Under these optimal conditions, the process achieves near-total turbidity removal (~100%) and a
remarkable 97.57% reduction in COD. These results confirm that electrocoagulation, when optimized
by RSM, represents a high-performance and viable technological alternative for treating domestic
effluents, offering promising prospects for industrial-scale application while minimizing the use of

chemical reagents.
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Figure 1: Experimental setup of the EC assembly.

Figure 2: Normalized Effects Pareto Diagram for Response Y1.
Figure 3: Normalized Pareto chart of effects for response Y2.
Figure 4: Turbidity variation for X: 225 cm? and Xs: 200 rpm.
Figure 5: Variation in COD for X;:225 cm? and X4:200 rpm.
Figure 6: Variation of COD for X,: 225 cm? and X3: 45 min.
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Table 2: Matrice.

Table 3: Wastewater characteristics.

Table 4: Definition of the influencing factors and responses of the experimental design.
Table 5: Regression parameters and determination coefficients for turbidity yield.

Table 6: Analysis of Variance (ANOVA) Results for the Response Surface Model of Turbidity.
Table 7: Regression parameters and coefficients of determination for COD yield.

Table 8: Analysis of Variance (ANOVA) Results for the Response Surface Model of COD.
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