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Abstract
Turbidity is one part of the physical characteristics of wastewater that is highly observed in domestic wastewater. The elec-
trocoagulation process is an effective method by applying only electric current with sacrificial electrodes for the removal 
of turbidity from domestic wastewater under the consideration of different operating parameters. In this study, current 
(0.03–0.09 A), pH (3–9), and reaction time (15–45 min) were considered as operating parameters using Al–Fe and Fe–Al 
electrode combinations. The highest removal efficiency was achieved 91.23% and 96% at current − 0.09 A, pH—9, and 
reaction time—45 min using Al–Fe and Fe–Al electrode combinations respectively. The mathematical and statistical data 
were analyzed and also maximum optimization of the experimental investigation using response surface methodology was 
91.053% for Al–Fe and 96.68% for Fe–Al electrode combination. The interaction of different operating parameters indicated 
that, the model was valid. In addition to this, the model was validated based on the percentage absolute error of deviation 
(AED) < 10% and the regression coefficient (R2) > 0.7. Estimation of the operating cost of electrocoagulation was done for 
both electrode combinations depending on selected operating parameters that were based on energy consumption, electrode 
consumption, and cost of chemicals used up during the investigation.
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1  Introduction

Several major problems facing human beings to survive on 
earth are due to the lack of providing clean water for a large 
number of communities and also affecting the aesthetic of 
the environment [1, 2]. Wastewater generating from tanning 
industry [3], textile industry [4–6], pulp and paper industry 
[7–9], pharmaceutical activities [10], car wash service [11, 
12], electroplating industry [13], mine industry [14], paint 
industry [15], automobile garage [16], brewery industry 
[17], sugar industry [18], hospital [19], food industry [20], 
etc. are some sources of wastewater that discharged to an 
environment. Domestic wastewater is one source of waste-
water that is formed due to the daily consumption of water 
by human beings for different purposes and is discharged 

into an environment [21]. Domestic wastewater consists of 
black water like wastewater with excreta, urine, and fecal 
sludge as well as also gray water, which is generated from 
the kitchen and bathing wastewater [22]. Turbidity of water 
and wastewater is formed because of the availability of 
suspended particles, fine organic matters, microorganisms, 
different forms of sludge, and colloidal particles [1, 23]. 
Turbidity is one part of the physical characteristics of waste-
water that happen due to high cloudiness in wastewater that 
form a favorable condition for the growth of microorganisms 
and cause waterborne disease as well as also reduce the aes-
thetic of an environment [1]. Hence, domestic wastewater 
treatment using electrocoagulation is important to minimize 
such problems even if different methods are available.

There are different methods implemented for the treatment 
of domestic wastewater treatment. Natural coagulants like 
Moringa oleifera [24], wetland mechanism [25, 26], anaerobic 
and filtration process [27], rotating biological contactor and 
membrane separation process [28] are some studies concerned 
with the treatment of domestic wastewater treatment. However, 
researchers indicated the electrochemical method is a better 
alternative systematic treatment for wastewater and water due 
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to versatility, environmental compatibility, the amenability of 
safety and automation, efficiency in energy, and cost-effective-
ness [29]. Electro-reduction, electrocoagulation, and electro-
oxidation are the common categories of the electrochemical 
method for the treatment of water and wastewater [29]. The 
Electrocoagulation process is based on the principle of electro-
chemical when there is a production of destabilizing agents that 
are used to remove different types of pollutants through charge 
neutralization, adsorption, floatation, and precipitation [30].

The electrocoagulation process was used an electric cur-
rent induced in the reactor tank with sacrificial electrodes like 
aluminum and Iron [31]. Two main processes occur when iron 
anodes are used in an electrolytic system which is indicated 
in Eqs. ((1)–(4)). Fe2+ is formed at the anode due to the oxi-
dation of iron [32]. Proton reduction in an acidic medium or 
water reduction in an alkaline medium produces H2 gas at the 
cathode. When the wastewater is electrolyzed, the pH rises 
and hydroxyl complexes, both monomeric and polymeric, are 
formed [32]. pH 3.5–7.0 has a strong tendency to polymerize 
the complexes [32]. To remove it from the wastewater, it can 
be removed by coagulation, absorption, co-precipitation, and 
sweep flocculation, among other methods [32].

On the other hand, the cationic monomeric species such 
as Al3+ and Al(OH)2+, which at appropriate pH values are 
transformed first into Al(OH)3 and then polymerized to 
Aln(OH)3n which indicated in Eqs. ((5)–(8)) [33].

Anode reaction;

Cathode reaction;

Overall reaction;

(1)Fe(s) → Fe2+
(aq)

+ 2e−

(2)2H+
(aq)

+ 2e− → H2(l)

(3)2H2O(l) + 2e− → 2OH−
(aq)

+ H2(g)

(4)Fe2+
(aq)

+ 2OH−
(aq)

→ Fe(OH)2(s)

(5)Al → Al3+
(aq)

+ 3e−

(6)3H2O + 3e →
3

2
H2 + 3OH−

(7)Al3+
(aq)

+ 3H2O → Al(OH)3 + 3H+
(aq)

This occurs when an electric current passes through a 
metal electrode and releases the metal ion from the anode. 
Because of their chemical reaction, metal hydroxide and a 
variety of complex species, depending on pH range, act as 
a coagulant [34] that is indicated in Eqs. ((5)–(8)).

Furthermore, different studies indicate that the electro-
coagulation process used to remove turbidity [11, 35, 36], 
color [7, 36], COD [7], organic matter [11], sulfate [29], 
nitrate [29], copper [37], oil and grease [36, 38], heavy 
metal ions [39], Fluoride [40], etc. from water and waste-
water. After all experimental investigations, optimization 
of all parameters and the removal efficiency was done by 
response surface methodology (RSM). It is a multivariate 
system and consists of different mathematical and statisti-
cal systems established based on the fit of the polynomial 
model to the data that's required for the statistical predic-
tion that is used for optimization [20]. Response surface 
Methodology is important for evaluating the interaction 
effects between different parameters based on the response 
and for the generation of a large number of information 
from a small number of experiments in addition to opti-
mization [19]. Response surface methodology is a math-
ematical model in the form of linear, square, polynomial, 
and others to the experimental results from the deigned set 
of experiments and for model verification by techniques 
of statistics [41].

Central composite designs (CCD) as well as 
Box–Behnken design (BBD) are the two common types 
of response surface methodology [42]. On the other hand, 
CCD, BBD, and Doehlert matrix design (DMD) were used 
for the optimization of different experimental investiga-
tions. Different studies were used CCD [43], BBD [43], 
and DMD [44] for experimental design. Doehlert matrix 
design requires a lower number of experiments; In the theo-
retical approach, Doehlert matrix design is more efficient 
than central composite design, but this may not be always 
true because of some experimental constraints that results 
the theoretical approach may differ in practice [43]. A Box 
Behnken design (BBD) is a three-level fractional factorial 
design that is used to determine the nature of the response 
surface in an experimental zone. The design is a hybrid of a 
two-level factorial design and an incomplete block design, 
with a specific amount of variables running through all 
design combinations in each block, while other elements 
remain at the central levels [45]. In comparison to the cen-
tral composite design (CCD), the BBD experiment lacked 
an embedded factorial design and extreme points, as well as 
the rotatability value (α) in the experimental design. This 
is because of it involves fewer experiments while produc-
ing comparable findings; the CCD is an important alterna-
tive to the full factorial, three-level design. However, CCD 

(8)nAl(OH)3 → AlnOH(3n)
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is experiment lacked an embedded factorial design and 
extreme points, as well as the rotatability value (α) in the 
experimental design whereas, DMD is not rotatable in its 
design [43]. Moreover, CCD is a commonly used experimen-
tal design for second order models and CCD outperforms 
other approaches in terms of prediction [43].

CCD is the best category of response surface method-
ology that provides an important prediction of linear and 
quadratic interaction effects of factors that affect the selected 
process [8, 41]. The purpose of this study was to evaluate 
the removal efficiency of turbidity on domestic wastewa-
ter using the electrocoagulation process by fixing desired 
operating parameters. The estimation of the total operating 
cost of electrocoagulation was studied regarding energy and 
electrode consumption as well as the cost of chemicals. In 
addition, this study also evaluates the statistical and math-
ematical model for validity concerning the interaction of 
operating parameters.

Aluminum and Iron were preferred as electrodes since 
they are locally available at a low cost and also aluminum 
and iron electrodes were used due to multivalent ions having 
coagulating properties [46]. In this study two iron and alu-
minum, electrodes were used based on the cost consumed for 
electrocoagulation. According to [47], as the number of elec-
trode combinations increases the cost needed for the imple-
mentation of the electrocoagulation process increases. The 
study also used, Response surface methodology for deter-
mining operating parameters in the process just by fixing the 
total experiments performed in number.

2 � Materials and Methods

2.1 � Materials

Real wastewater was collected from Jimma university teach-
ers’ apartment that accommodates approximately 700 peo-
ple. Initial wastewater has a pH of 7.2 ± 0.5, turbidity of 
340 ± 20 NTU, and a temperature of 26 ± 3 °C. An experi-
ment was performed in the Jimma Institute of Technology, 
Environmental Engineering Laboratory. Electrocoagula-
tion cell, Electrode (Aluminum and Iron), DC power sup-
ply (ANDELI: Model WY-1-0, 15v/5A), Magnetic Stirrer 
(REMI: Model R-24), Magnetic bar stirrer, Copper Wires, 
Electrical clips, and turbidity meter (HANNA pH meter) are 
materials used up during the determination of turbidity using 
electrocoagulation process.

2.2 � Experimental Setup and Procedures

A batch reactor was used during an experiment in the elec-
trocoagulation process which is indicated in Fig. 1. An 
experimental setup consisted of an electrocoagulation cell 

or a reactor (glass beaker) that can hold 1.5 L, but the work-
ing volume of the wastewater/sample was 1 L for each run 
of the experiment to minimize the loss of wastewater sam-
ples during an investigation. During an experiment sodium 
hydroxide and sulfuric acid were used for adjusting the pH 
of a sample. Iron and Aluminum electrodes were used for 
each experimental run that connected as Al–Fe (anode–cath-
ode) and Fe–Al (anode–cathode).

The surface area for each electrode was 60 cm2 to achieve 
a good removal percentage of turbidity and the inter-
electrode distance between each connected electrode was 
adjusted to 1.5 cm.

There are different studies concerning electrocoagulation 
performed at a different distance between electrodes such as 
[48] at 1 cm and [49] at 2 cm. But according to [50] indi-
cates that the distance between electrodes is between 1 to 
5 cm. At the experimental run, electrodes were cleaned by 
hydrochloric acid followed by distilled water for the removal 
of an attached particle to the surface of electrodes which 
may lead to rust and corrode due to the oxidation process 
of electrodes. A magnetic bar stirrer was placed inside an 
electrocoagulation cell and an electrocoagulation cell was 
placed on a magnetic stirrer at 10,000 rpm to obtain a uni-
form concentration as a sample. Using copper wires and 
electrical clips, connected electrodes were connected to a 
DC power supply after all parameters were fixed. Then at the 
end of each experiment, the wastewater sample was trans-
ferred to another empty beaker and settled for 20 min and 
the supernatant samples of wastewater were used for the 
measurement.

2.3 � Design of Experiment with Response Surface 
Methodology (RSM)

Response surface methodology design of expert (version 11) 
was used to determine the mathematical and statistical data 
based on an experimental investigation. Central composite 
design (CCD) was used from response surface methodology 

Volt Amp

-+

Anode

Electrocoagulation Cell

Cathode
Wastewater

Mangnetic Bar Stirrer

Magnetic Stirrer

DC Power

SpeedON/OFFHeat

Fig. 1   Experimental setup of electrocoagulation
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where pH (3–9), current (0.03–0.09 A), and reaction time 
(15–45 min) were considered to evaluate the removal per-
centage of turbidity. Different studies indicated that, high 
removal percentages of pollutants were achieved from waste-
water under different variables range such as [51] reaction 
time (0–60 min), [52] pH (2–11), and [53] current (0–6 A).

In addition to analysis of statistical data, CCD was used 
to reduce the number of experiments performed based on 
the number of variables used for an experiment [41] and 
center points were indicated in Eq. (9). Similarly, the coded 
and actual values of the selected variables were indicated in 
Table 1. Actual variables are the real variables used during 
an experiment and coded variables that are randomly given 
by RSM or can be adjusted based on the requirements.

2.4 � Analysis of Data

Central composite design (CCD) from response surface 
methodology (design of expert version 11), was used to 
determine or fix the number of tests or experiments that 
going to be investigated by using Eq. (9).

where k is the number of factors and Co is the center point’s 
run.

In this study three factors were used, namely; pH, cur-
rent, and reaction time for an electrocoagulation process. 
According to [1], the removal percentage of turbidity was 
determined by using Eq. (10) indicated below.

where Co and C are the initial and final turbidity respectively.
Analysis of model validity was checked based on the per-

centage absolute error of deviation (AED) and the regression 
coefficient (R2) between experimental and theoretical results. 
The percentage absolute error of deviation (AED) was deter-
mined using Eq. (11).

(9)Total number of experiments = 2k + 2k + Co

(10)Turbidity removal(%) =
Co − C

Co

× 100

(11)AED(%) =
100

N

∑|||
||

Yexp − Ytheo

Yexp

|||
||

where Yexp is the experimental responses and Ytheo is the 
theoretical responses. N is the number of a point at which 
measurements were carried out.

The assessment of cost is mandatory such that the 
total operating cost of electrocoagulation was deter-
mined based on the cost of energy consumed, electrode 
consumed and cost of chemical used up during the 
investigation.

where Cenergy is an energy consumption that was determined 
using Eq. (13) and Celectrode was an electrode consumption 
calculated using Eq. (14) as well a and b is an electrical 
energy price ($/kWhr) and price of electrode materials ($/
kg) respectively. The cost of chemicals used up during the 
process was represented by D.

where Vs, V, I, and t represent the volume of wastewater 
sample, voltage, current, and electrolysis time respectively.

where n is the number of electrons transferred from Fe and 
Al (Z = 2 and Z = 3) respectively, F is Faradays constant 
(96,487 Cmol−1), V is the volume of wastewater (m3), M is 
the molecular mass of Al and Fe, it is electrolysis time and 
I represent current applied for electrocoagulation process.

3 � Results and Discussion

3.1 � Removal Percentage of Turbidity

The percentage or efficiency removal of turbidity by using 
Al–Fe (anode–cathode) and Fe–Al (anode–cathode) was 
shown in Tables 2 and 3 respectively that was calculated 
using Eq. (10). Based on an experimental investigation, 
the removal percentage of turbidity was determined at dif-
ferent pH, electric current, and reaction times for Al–Fe 
(anode–cathode) and Fe–Al (anode–cathode that indicated in 
Tables 2 and 3 respectively. When the pH was 3 and the elec-
tric current was 0.03 A, the removal efficiency of turbidity 
was relatively approach to each other for both combinations. 
However, at 45 min of reaction time Fe–Al (anode–cath-
ode) removed more turbidity than Al–Fe (anode–cathode). 
In the same way, when the pH was 6 and the electric cur-
rent was 0.06A, in this regard Fe–Al (anode–cathode) 
removed more turbidity than Al–Fe (anode–cathode) at 15, 
30, and 45 min of reaction time which was removed up to 

(12)Total operating cost = aCenergy + bCelectrode + D

(13)Energy consumption
(
kWhr

m3

)
=

VIt

Vs

(14)Celectrode

(
kg

m3

)

=
ItM

nFV

Table 1   Coded and actual values of the variables of the design of 
experiments

Variables Units Factors Levels

− 1 0 + 1

pH A 3 6 9
Current Ampere (A) B 0.03 0.06 0.09
Reaction time minutes C 15 30 45
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72.5%. Similarly, at pH 9 and electric current 0.09 A, Fe–Al 
(anode–cathode) removed more percentage of turbidity than 
Al–Fe (anode–cathode). This indicated that, at the gradual 

increment of pH and electric current, the combination of 
Fe–Al (anode–cathode) was more effective than Al–Fe 
(anode–cathode).

However, as indicated in Tables  2 and 3, Al–Fe 
(anode–cathode) was somewhat more effective than Fe–Al 
(anode–cathode) especially when the pH was 3 and electric 
current was 0.06 A as well as at pH 6 and electric current 
0.09 A. In this case, around 48% and 72% of turbidity were 
removed when pH was 3 and electric current is 0.06 A and 
pH was 6 and electric current was 0.09 A respectively using 
Al–Fe (anode–cathode). On the other hand, the removal 
efficiency of turbidity was high using Fe–Al (anode–cath-
ode) than Al–Fe (anode–cathode) when the pH was 9 and 
electric current was 0.03 A at a reaction time of 15, 30, and 
45 min. Generally, the removal percentage of turbidity was 
varied depending on the value of pH and electric current 
supplied for both combinations. In Tables 2 and 3 there was 
a predicted value that indicates the removal percentage of 
turbidity which was predicted by Response surface meth-
odology (design of expert 11) based on the actual removal 
(experimental result) efficiency of turbidity.

3.2 � Effects of Operating Parameters on Turbidity 
Removal

Process performance is strongly influenced by the pH of 
the solution. As shown Tables 2 and 3 when pH—3, there 
was a somewhat lower removal percentage of turbidity was 
obtained. The moderate removal efficiency was obtained 
when the pH was increased to 6 in both Al–Fe and Fe–Al 
combinations. At pH—9, the better removal efficiency of 
turbidity was obtained even if reaction time and electric cur-
rent applied were other factors considered in both electrode 
combinations shown in Tables 2 and 3. As pH increased 
from 3 to 6 and again from 6 to 9, the removal efficiency of 
turbidity was increased. This was because of the increase 
in pH during the EC process is mostly due to the evolution 
of hydrogen gas at the cathode, and the concentration of 
hydroxyl ions (OH−) in the solution increases due to elec-
trochemical processes that result in high removal efficiency 
[54].

This includes the dissolution of electrodes, coagulant spe-
cies, and the state of other ions in the electrodes. Both the 
solution and the colloids’ zeta potentials are directly influ-
enced by the pH of a solution [55]. Monomeric hydroxyl 
species dominate in acidic pH ranges. Al(OH)4 and Fe(OH)4 
prevail throughout the solution for Al and Fe electrodes, 
respectively, at high alkaline conditions, and these electrodes 
possess poor coagulation activities [55]. The current was 
also another factor that influences the removal percentage 
of turbidity from wastewater as indicated in Tables 2 and 3. 
As the current was increased from 0.03 to 0.06 A and then 
from 0.06 to 0.09 A the removal efficiency of turbidity was 

Table 2   RSM design for actual and predicted values for the removal 
percentage of turbidity using Al–Fe

Run pH Current (A) Reaction 
time (min)

Turbidity removal (%)

Actual value Predicted value

1 3 0.03 15 19.20 19.53
2 3 0.03 30 28.70 33.16
3 3 0.03 45 42.92 38.13
4 6 0.06 15 24.00 18.48
5 6 0.06 30 36.00 39.60
6 6 0.06 45 50.15 52.07
7 9 0.09 15 30.40 42.48
8 9 0.09 30 83.00 71.10
9 9 0.09 45 91.23 91.05
10 3 0.06 15 23.20 23.07
11 3 0.06 30 33.81 37.89
12 3 0.06 45 48.00 44.05
13 6 0.09 15 46.50 41.35
14 6 0.09 30 63.80 63.65
15 6 0.09 45 72.00 77.30
16 9 0.03 15 47.60 45.99
17 9 0.03 30 72.32 72.23
18 9 0.03 45 88.12 89.82

Table 3   RSM design for actual and predicted values for the removal 
percentage of turbidity using Fe–Al

Run pH Current (A) Reaction 
time (min)

Turbidity removal (%)

Actual value Predicted value

1 3 0.03 15 18 16.87
2 3 0.03 30 28.42 34.60
3 3 0.03 45 47.34 42.30
4 6 0.06 15 29.17 32.27
5 6 0.06 30 57.33 56.34
6 6 0.06 45 72.5 70.39
7 9 0.09 15 36.52 45.86
8 9 0.09 30 86.31 76.29
9 9 0.09 45 96 96.68
10 3 0.06 15 20.42 17.21
11 3 0.06 30 30.75 35.99
12 3 0.06 45 46.77 44.74
13 6 0.09 15 42 35.99
14 6 0.09 30 59.76 61.11
15 6 0.09 45 71.54 76.20
16 9 0.03 15 48.68 46.59
17 9 0.03 30 76.67 74.92
18 9 0.03 45 89.38 93.22
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increased for both Al–Fe and Fe–Al combinations. While 
the current increased it was enhanced for a generation of 
a considerable amount of Al3+ or Fe2+ ions at the anodic 
dissolution of an electrode as well as the formation of addi-
tional hydrogen bubbles that are used for the separation 
process [56]. As the current increased, so did the removal 
efficiency. When the current values were increased the 
amount of hydroxide flocs formation and the density of the 
bubbles, which resulted in faster removal of pollutants from 
the wastewater [32].

This study revealed that, electrocoagulation performance 
was affected by the reaction time (time of electrolysis). As 
depicted in Tables 2 and 3, the removal percentage of turbid-
ity was affected by reaction time for both Al–Fe and Fe–Al 
electrode combinations respectively. In both cases, while 
the reaction time increased from 15 to 45 min, the removal 
efficiency of turbidity was increased. This is due to the lib-
eration of more coagulation ions from the sacrificial anode 
as the current density and electrolysis time increase and the 
number of generated iron/aluminum ions (coagulants) and 

their hydroxide flocs in the solution increases as the elec-
trolysis time is increased [57].

As indicated in Table 2, when Al–Fe combined around 
91.23% of turbidity was removed in 45 min. Similarly, when 
Fe–Al combined 96% of turbidity was removed in 45 min as 
shown in Table 3.

3.3 � Statistical Analyses with Response Surface 
Methodology

The analysis of variance of the regression for pH, reaction 
time, and an electric current was shown in Tables 4 and 
5. This was determined using Response surface methodol-
ogy (quadratic model) for turbidity removal using Al–Fe 
(anode–cathode) and Fe–Al (anode–cathode) respectively. 
For both electrode combinations, the removal percentage of 
the turbidity model has been significant since the value of 
P < 0.05 which means the model was significant at a prob-
ability level of 95%. According to ANOVA results, some 
variables were insignificant in both electrode combinations 
that may be improved through the reduction of a model. The 

Table 4   ANOVA for the 
percentage removal of Turbidity 
for the quadratic model using 
Al–Fe

Source Sum of squares df Mean square F-value p-value Remarks

Model 8655.40 9 961.71 16.36 0.0003 Significant
A-pH 548.87 1 548.87 9.34 0.0157 Significant
B-Current 530.60 1 530.60 9.03 0.0170 Significant
C-Time 3384.19 1 3384.19 57.58  < 0.0001 Highly significant
AB 447.50 1 447.50 7.61 0.0247 Significant
AC 298.40 1 298.40 5.08 0.0543
BC 10.52 1 10.52 0.1790 0.6834
A2 158.50 1 158.50 2.70 0.1392
B2 551.59 1 551.59 9.38 0.0155 Significant
C2 74.94 1 74.94 1.27 0.2916
Residual 470.23 8 58.78
Cor total 9125.62 17

Table 5   ANOVA for the 
percentage removal of Turbidity 
for the quadratic model using 
Fe–Al

Source Sum of squares df Mean square F-value p-value

Model 9673.83 9 1074.87 21.94 0.0001 Highly significant
A-pH 2067.71 1 2067.71 42.21 0.0002 Significant
B-Current 31.22 1 31.22 0.6373 0.4477
C-Time 4360.17 1 4360.17 89.01  < 0.0001 Highly significant
AB 11.49 1 11.49 0.2345 0.6412
AC 210.62 1 210.62 4.30 0.0718
BC 8.23 1 8.23 0.1680 0.6926
A2 8.23 1 8.23 0.1681 0.6926
B2 15.89 1 15.89 0.3243 0.5847
C2 100.53 1 100.53 2.05 0.1899
Residual 391.89 8 48.99
Cor total 10,065.72 17
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evaluation of experimental outcomes in conjunction with 
experimental design, the removal percentage of turbidity 
was done as a function of pH (A), current (B), and reaction 
time (C) for both Al–Fe and Fe–Al electrode combinations. 
Design of experts (11) provided the quadratic model regres-
sion Eqs. (15) and (16) sgiven below for Al–Fe and Fe–Al 
electrode combinations respectively.

3.4 � Model Validation

An experimental (actual) and predicted values for the 
removal percentage of turbidity was indicated in Tables 2 
and 3. This was more illustrated again in Fig. 2 and Fig. 3 
using Al–Fe (anode–cathode) and Fe–Al (anode–cathode) 
respectively, and the actual and predicted values were plot-
ted which linear regression was and the model was also a 
good fit. The regression coefficient (R2) or the coefficient 
of determination is the percentage of the total variability in 
the dependent variable that the regression equation in the 
independent variable accounts for. The regression coefficient 

(15)

Turbidity removal, (%) = +39.60 + 9.56A + 9.40B + 16.79C

− 9.97AB + 6.31AC + 1.18BC

+ 7.85A2 + 14.65B2 − 4.33C2

(16)

Turbidity removal, (%) = +56.34 + 18.56A + 2.28B + 19.06C

− 1.60AB + 5.30AC + 1.05BC

− 1.79A2 + 2.49B2 − 5.01C2

(R2) was determined for Al–Fe and Fe–Al was calculated 
as shown in Tables 6 and 7 respectively. In both electrode 
combinations, the value of regression coefficient (R2) was 
greater than 0.7 especially the suggested source model for 
Al–Fe was 0.9485 and for Fe–Al was 0.9222. This indicated 
that the validity of the model was good.

Similarly, using Eq. (11) the percentage absolute error of 
deviation (AED) was calculated. The results were indicated 
that, the AED percentages of Al–Fe and Fe–Al were 1.056% 
and 0.68% respectively. In both cases, the percentage abso-
lute error of deviation (AED) was less than 10% which shows 
the model validity was good and fit.

3.5 � Combination of Parameters

By maintaining one variable at the central level and modi-
fying the other two variables within the chosen design 
space, the multi-variable regression equations were used 
to develop the response surface plots. The percentage 
removal of turbidity was determined by considering oper-
ating parameters like; pH, reaction time, and electric cur-
rent. The interaction operating parameters over turbidity 
removal was plotted using response surface methodology 
in Figs. 4 and 5 by using Al–Fe combined as (anode–cath-
ode) and Fe–Al combined as (anode–cathode) respec-
tively. The combined effects of pH and current on percent-
age removal of turbidity were indicated in Figs. 4 and 5 as 
pH varying from 3 to 9 and current varying from 0.03 to 
0.09A. The gradual increase of current from (0.03–0.06A) 

Fig. 2   Actual versus predicted turbidity removal using Al–Fe

Fig. 3   Actual versus predicted turbidity removal using Fe–Al
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Table 6   Model summary 
statistics for Al–Fe

Source Std. dev R2 Adjusted R2 Predicted R2 PRESS

Linear 11.09 0.8114 0.7710 0.6958 2776.29
2FI 10.88 0.8574 0.7796 0.6526 3170.16
Quadratic 7.67 0.9485 0.8905 0.7180 2573.01 Suggested
Cubic 5.09 0.9915 0.9517 0.4278 5221.58 Aliased

Table 7   Model summary 
statistics for Fe–Al

Source Std. dev R2 Adjusted R2 Predicted R2 PRESS

Linear 7.48 0.9222 0.9055 0.8640 1368.94 Suggested
2FI 6.84 0.9488 0.9209 0.8008 2005.21
Quadratic 7.00 0.9611 0.9173 0.7714 2300.60
Cubic 3.41 0.9965 0.9803 0.6463 3560.49 Aliased

Fig. 4   Three-dimensional responses surface graphs for turbidity removal with current vs pH (a), reaction time vs pH (b), and reaction time vs 
current (c) using Al–Fe combination
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and pH from (3–6) resulted in the formation of moderate 
removal of turbidity. This indicated that, at lower pH and 
minimum electric current supply, moderate % of turbidity 
removal was achieved in both electrode combinations due 
to lower degradation of pollutants in wastewater. Keep-
ing other factors constant, as the current was increased 
from (0.06–0.09A) and pH from (6–9) enhanced for good 
removal percentage of turbidity as shown in Figs. 4a and 
5a. At this stage, especially when the pH was greater 
than neutral, high % of turbidity was revealed since more 
amount of Al3+ and Fe2+ ions were produced at anode 
which resulted in the degradation of pollutants, and a high 
concentration of the hydrogen gas bubble was formed at 
cathode. Similarly, the increase of reaction time from 
(15–30 min) and then from (30–45 min) concerning the 
increase of pH resulted in a better removal percentage 

of turbidity that indicated in Figs. 4b and 5c. Especially, 
when the reaction time of the electrocoagulation process 
was at 45 min high removal efficiency was achieved for 
both electrode combinations with increasing of pH to 9 
due to more generation of polymer species of metal (alu-
minum and iron) with the increase of reaction time as 
shown in Figs. 4b and 5c. In the same manner in Figs. 4c 
and 5b, the combined effects of reaction time and cur-
rent are shown such that there has been good removal effi-
ciency of turbidity just by increasing both factors. Keeping 
other factors constant and combining reaction time and 
current enhanced for better removal % of turbidity that was 
indicated in Figs. 4c and 5c that occurred due to the incre-
ment of reaction time, high hydroxyl ions were formed in 
the solution just by applying a good electric current. This 
indicated that, the removal percentage of turbidity was 
increased as the pH, reaction time, and electric current 

Fig. 5   Three-dimensional responses surface graphs for turbidity removal with current vs pH (a), reaction time vs pH (b), and reaction time vs 
current (c) using Fe–Al combination
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were increased for both Al–Fe (anode–cathode) and Fe–Al 
(anode–cathode) combinations.

3.6 � Optimization with Response Surface 
Methodology

Determining the optimum value for the removal degree of 
pollutants under different parameters is the main advantage 
of response surface methodology using central composite 
design (CCD).

Based on the CCD, the results were optimized using the 
regression equation of RSM (design expert 11). In the opti-
mization process: pH (A), current (B), and reaction time (C), 
were selected within the range and the response turbidity 
removal efficiency was maximized.

For Al–Fe (anode–cathode), the optimum value of turbid-
ity removal was 91.053% at pH 9, current 0.09 A, and reac-
tion time 45 min at the desirability of 0.998 was selected.

Similarly, for Fe–Al (anode–cathode) 96.68% of turbidity 
removal was achieved at pH 9, current 0.09 A, and 45 min 
reaction time at the desirability of 1.0 was selected as an 
optimum value for turbidity removal percentage and operat-
ing parameters.

3.7 � Operating Cost

The electrocoagulation process is a necessary technique for 
wastewater treatment without the use of chemicals, hence 
calculating the total operating cost of the process is required. 
The operational cost of electrocoagulation is a significant 
disadvantage of the technique, particularly for large-scale 
industrial applications, and just a few studies have been 
published on this topic [58]. Material, electrical energy 
expenses, personnel costs, maintenance costs, sludge dewa-
tering, and disposal costs, and fixed costs make up the over-
all operational cost of the electrocoagulation process [59], 
that was indicated in Eq. (12). Based on an experimental 
investigation energy consumption and electrode consump-
tion calculated for Al–Fe and Fe–Al were 20.25 kWh/m3 
and 13.5 kWh/m3 and 0.63 × 10–5 kg/m3 and 2 × 10–5 using 
Eqs. (13) and (14) respectively. This indicated that, using the 
Al–Fe electrode combination consumed more energy than 
Fe–Al and lowers electrode consumption. The monthly rate 
for electrical energy is 0.056$/kWh, according to the Ethio-
pian Electric Power Agency [60], and the cost of electrode 
pairs was 1$ and also with a total weight of 40.5 g. Then the 
price of electrodes per weight of electrodes was 24.69$/kg. 
On the other hand, the total cost used for different chemi-
cals was 0.5$ and according to [54], and the total cost of 
labor, sludge dewatering, and disposal were roughly 1$/m3. 
Hence the total cost used up for the operation of this pro-
cess was 2.634$/m3 using Al–Fe combination and 2.257$/m3 

using Fe–Al electrode combination. Therefore, using Al–Fe 
electrode combination needs more operating cost compared 
Fe–Al electrode combination.

4 � Conclusion

Domestic wastewater is generated due to the activities 
of human beings performed daily and that discharged to 
an environment without any treatment. However, Elec-
trocoagulation is a simple technology implemented for 
the treatment of domestic wastewater due to its ease of 
implementation and effectiveness in the reduction of pol-
lutants, especially turbidity. Al–Fe and Fe–Al is the form 
of electrode combination at (anode–cathode) and the 
removal percentage of turbidity was determined under 
the consideration of pH, current, and reaction time. Both 
electrode combinations were effective in the removal 
percentage of turbidity at different operating parameters. 
Especially through gradual increment of operating param-
eters the Fe–Al (anode–cathode) was more effective than 
Al–Fe (anode–cathode) for turbidity removal. Statistical 
data analysis was implemented to evaluate the validity of 
the model and optimization of being an important part 
that was done to maximize the removal efficiency of tur-
bidity by considering operating parameters in intervals 
using central composite design. The operational cost of 
electrocoagulation was calculated, and it was obtained 
that the Al–Fe electrode combination consumes more 
energy than the Fe–Al electrode combination while using 
fewer electrodes consumption. Similarly, compared to the 
Fe–Al electrode combination, the Al–Fe electrode com-
bination has a higher operating cost. Finally, the results 
of this study revealed that electrocoagulation would be a 
desirable and efficient technology for eliminating turbidity 
from household wastewater with low cost under specific 
operating settings.
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