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a b s t r a c t
This study focused on electrocoagulation treatment of leachate effluent using aluminum electrodes in 
a discontinuous system, the modeling and optimization of which were carried out using the response 
surface methodology (RSM) basing on the central composite design (CCD). Moreover, individual 
and interaction effects of principal independent factors (current density (X1), initial pH (X2), electrol-
ysis time (X3), and distance between electrodes (X4)), on chemical oxygen demand (COD) removal 
efficiency response, were investigated. The obtained results were in good agreement with the pre-
dicted ones with correlation factors R2

Dec = 0.94 and R2
Ajusted = 0.88. At the optimal conditions, maximal 

removal efficiency was achieved for values of chemical oxygen demand (COD), total organic carbon, 
total nitrogen, and turbidity of 79.8%, 78%, 45.4%, and 99.9%, respectively. The quite good agreement 
between the experimental values and the predicted results confirms the reliability of the RSM approach 
in the modeling and optimizing of the leachate treatment using an electrocoagulation process.

Keywords:  COD removal; Leachate treatment; Electrocoagulation; Aluminum electrodes; Response 
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1. Introduction

Generally, landfill-percolated water (leachate) is bacteri-
ologically and chemically (mineral and organic pollutants) 
heavily loaded. Its composition is difficult to predict as 
it depends on the waste type, the rainfall amount, and the 
waste degradation level [1].

Because of the presence of a high proportion of refractory 
and toxic materials, leachate treatment is generally difficult to 
accomplish and its discharge standards are difficult to meet.

It constitutes a major source of pollution to the landfill 
surrounding in general and to water resources in particu-
lar [2]. Several techniques have been used for leachate treat-
ment, as reported in the literature, such as reverse osmosis, 
where it was shown that changes in leachate quality could 
influence the treatment effectiveness [3], biological treatment 
[4], advanced oxidation techniques [5], and coagulation–
flocculation as a pretreatment using iron-based coagulants. 
The optimum conditions obtained using the response surface 
methodology (RSM) with polyferric sulfate as the coagulant 



A. Rabahi et al. / Desalination and Water Treatment 114 (2018) 81–9282

(8 g L–1 at pH 6) led to a chemical oxygen demand (COD) and 
turbidity removal of 56.38% and 89.79%, respectively [6].

Moreover, electrocoagulation (EC) technology was inves-
tigated efficiently for the treatment of a wide variety of 
wastewaters such as tannery wastewaters using aluminum 
electrodes, with a COD, color, and organic carbon removal 
efficiencies of 68%, 84.3%, and 55.1%, respectively [7]. 
Furthermore, landfill leachate treatment using aluminum 
and iron electrodes was investigated, and the removal effi-
ciencies of COD, total nitrogen (TN), color, and turbidity 
were respectively 70%, 24%, 56%, and 60% with Al elec-
trodes and 68%, 15%, 28%, and 16% with Fe electrodes [8,9]. 
Municipal wastewater treatment using EC reduced sus-
pended solid by 98% [10].

This technique is based on the electrochemical dissolu-
tion of sacrificial anodes (aluminum or iron) by applying 
an electrical current that results in the generation, in situ, of 
coagulants instead of chemical coagulation process [11].

In this process, charged ionic pollution species or oth-
ers are removed from wastewater due to their reaction 
with a coagulant metallic ion, having an opposite charge, 
or with flocs of metallic hydroxides generated within the 
effluent. When an electrical potential is applied from an 
external power source, the anode material undergoes an 
oxidation, while the cathode is subjected to a reduction, 
The electrochemical reactions with metal M as anode can be 
as follows [12]:

At the anode:

M M eaqs
n n( ) ( )
+ −→ +  (1)

2 4 42 2H O H O eaql g( ) ( )
+

( )
−→ + +  (2)

2 22Cl Cl eaq g( )
−

( )
−→ +  (3)

At the cathode:

2 2 2 22 2H O e H OHl g( )
−

( )
−+ → +  (4)

M e Maq( )
+ −

( )+ →n
sn  (5)

with aq, g, s, Mn+, e–, n+, and n denoting aqueous solution, 
gas, solid, metal ion in aqueous solution, electron, charge of 
metal ion, and numerical number, respectively.

Cationic species from the anode metal dissolve into the 
water according to Eq. (1). These cations react with contam-
inants, creating metal oxides and hydroxides which precipi-
tate. Furthermore, the productions of oxygen gas at the anode 
by water electrolysis and that of chlorine gas from chloride 
ions if they are present in the leachate solution are described 
by Eqs. (2) and (3), respectively.

Simultaneously, reactions take place at the cathode, 
producing hydrogen gas from water molecules reduction 
as shown in Eq. (4), resulting in an ascending motion of 
hydrogen gas bubbles accompanied by that of flocs, hence 
facilitating their separation from treated water. Another 
important cathodic reaction results in the reduction of the 

dissolved metal cations to its elementary state according to 
Eq. (5) and its deposition on the cathode [13].

In the aluminum case, at first, cationic monomeric 
species, such as Al3+ and Al(OH)2

+, at low pH, are generated 
from the dissolution of aluminum anode, which at appro-
priate pH values are transformed initially into Al(OH)3 and 
finally polymerized to Aln(OH)3n according to the subsequent 
reactions [14]:

Al Al eaq→ ++
( )

−3 3  (6)

Al H O Al OH Haq aq
3

2 3
3 3+

( )
+
( )+ → ( ) +  (7)

nAl OH Al OHn n( ) → ( )3 3
 (8)

During the EC process and depending on solution pH, 
monomeric species such as Al(OH)2+, Al(OH)2

2+, Al2(OH)2
4+, 

and Al(OH)4− and polymeric species such as Al6(OH)15
3+, 

Al7(OH)17
4+, Al8(OH)20

4+, Al13O4(OH)24
7+, and Al13(OH)34

5+ are 
formed, these complexes act as a coagulant. They are 
adsorbed on the particles and then neutralize colloidal 
surface charges, similar to chemical coagulation in conven-
tional water treatment [13].

Generally, the electrochemical processes are influenced 
by the applied current density, the type of electrode used, 
the distance between electrodes, the electrolysis time, initial 
solution pH, and the conductivity [15].

The solution conductivity is an important parameter 
in electrolysis processes in order to ensure good electrical 
current passage through the solution [16]. Furthermore, 
increasing solution electrical conductivity optimizes 
energy consumption and reduces treatment time [8,16].  
In the present case, due to the high leachate conductivity 
(20 ms cm–1 at 25°C), the addition of an electrolyte was not 
necessary [17].

The study of the effects of various factors affecting the 
EC process such as current density, initial pH, electrolysis 
time and distance between electrodes consisted of maintain-
ing all these factors constant but one of them which could 
vary. However, this approach required a higher number of 
experiments, which was time-consuming and did not depict 
the combined effect of all the considered factors. Moreover, 
the determination of optimal conditions was not reliable [18]. 
Hence, the application of factorial experimental design of 
RSM could be used to determine the minimum number of 
experiments, in order to have significant results, a statistical 
model relating dependant and independent variables and the 
optimal conditions to have the maximum pollutant removal 
(yield) [19–23].

2. Materials and methods

2.1. Experimental design

Experiments were carried out in a batch laboratory 
scale reactor as shown in Fig. 1. It was used to test EC 
leachate treatment efficiency using two aluminum plates 
(the dimensions of both are 150 × 45 × 2 mm) electrodes. 
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They were immersed in the batch reactor containing a 
leachate volume of 500 mL. To obtain uniformity through-
out the leachate solution, mixing was carried out using a 
magnetic stirrer.

A digital D.C. (electrophoresis power supply, EV 202, 
0–220 V, 0.0–2.0 A) generator was used to supply electrical 
current to aluminum electrodes.

To maintain the same experimental conditions, exper-
iments were run under an initial temperature of 25°C. 
The aluminum electrodes were polished after each experi-
mental use and then rinsed with distilled water before EC 
experiments.

2.2. Analytical procedures

Leachate samples were obtained from El Haria landfill, 
receiving Constantine’s municipal solid waste. It is the first 
leachate stabilization pond, and Table 1 shows its main 
characteristics.

In this study, all parameters were analyzed according 
to the standard methods [24]. The COD of leachate sam-
ples was determined using digestion reactor “Model WTW 
thermoreactor CR 3000” and spectrophotometer “Model 
Jasco V-730.”

The COD removal efficiency was calculated as follows:

COD removel
COD COD

COD
O

O

%( ) = −
×100  (9)

where COD0 is the initial COD concentration, COD 
is the final COD concentration after a treatment duration 
time t.

For each experiment, the initial pH was adjusted using 
sodium hydroxide or hydrochloric acid within the range 
of 5–9, measured by a pH meter model Jenway 3505. 
The conductivity was measured using “WTW universal 
meter brand,” and turbidity measurements were carried out 
using “2100P Turbidimeter HACH brand”; total organic car-
bon (TOC) and TN were measured using the analyzer model 
“Shimadzu TOC Autosampler ASI-V.”

2.3. Statistical analysis and modeling

The purpose of this study was to assess EC effect on 
COD removal efficiency from leachate using RSM.

The important factors that affect the EC process are 
current density (X1), initial pH (X2), electrolysis time (X3), 
and distance between electrodes (X4) [25].

RSM based on central composite design (CCD) was 
applied to the present case, in order to optimize EC leachate 
treatment, consisting of 30 experiments for four variables 
(n = 4) and two levels: low (−) and high (+).

The total number of experiments was determined using 
the following expression:

2n (24 = 16: factor points) + 2n (8 axial points) + 6 (6 replications 
center points) (10)

The five different levels used in the codification of 
the independent variables are represented in Table 2 and 
are determined according to the following relationship 
Eq. (11):

x
X X
Xi

i i o=
−

∆
 (11)

where xi: coded value of the ith independent variable; Xi: nat-
ural value of the ith independent variable; Xio: natural value 
of the ith independent variable at the center point; ΔX: the 
step change value [22].

The CCD aim was to find a mathematical model which 
allied the response Y (COD removal efficiency) to the 

Table 1
The properties of raw leachate from Constantine Landfill

Analysis Value

Color Brownish
Smell Fecaloide
pH 7.80–8.26
COD (mg O2 L–1) 5340
Alkalinity (mg CaCO3 L–1) 570
TN (mg L–1) 1180
Turbidity (NTU) 830
Chloride (mg L–1) 1760
Nitrate (mg L–1) 320
Conductivity (ms cm–1) at 25°C 20

Fig. 1. Electrocoagulation experimental setup with DC power 
supply, aluminum electrode, and magnetic stirrer.
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independent variables, factors (X1, X2… Xi… Xn) used to 
optimize the process and to find the optimal operating con-
ditions. The mathematical model should be of a second-order 
polynomial equation (Eq. (12)) which correlates the depen-
dent and independent variables. Moreover, the application 
of a statistical experimental design reduces the number 
of experiments to its optimal level and hence the allocated 
resources (time, reagents, and experimental work).

Y %COD removal efficiency( ) = + + + +

+ +

a a a a
a a

0 1 1 2 2 3 3

4 4 12 1 2

X X X
X X X aa a a a
a a a a

13 1 3 23 2 3 14 1 4 24 2 4

34 3 4 11 1
2

22 2
2

33

X X X X X X X X
X X X X

+ + + +

+ + + XX X3
2

44 4
2+ a

 (12)

To estimate the variable response (% COD removal), the 
obtained experimental results were treated using MINITAB 
(16 Minitab Institute, USA) statistical software.

3. Results and discussion

3.1. Experimental design methodology and analysis of variance 
(ANOVA)

In this study, a CCD was used to determine individual 
and interactive effects of EC process factors (current density, 
initial pH and electrolysis time, distance between electrodes) 
on COD removal efficiency of landfill leachate. The design 
was studied at five different levels (−2, −1, 0, 1, and +2) for 
each parameter. Three major steps are involved: carrying out 
the statistically designed experiments, proposed model coef-
ficients estimation after having realized laboratory experi-
ments, predicting process response, and finally checking the 
model validity. The coded and noncoded independent vari-
ables ranges are represented in Table 2.

The EC experimental results for COD removal and the 
four-level CCD design matrix are represented in Table 3. 
It shows the statistical combinations of the independent 
variables: current density (mA cm−2) (X1), initial pH (X2), 
electrolysis time (min) (X3), and distance between electrodes 
(cm) (X4) with the predicted and experimental COD removal 
efficiencies (%). It can be noticed that the predicted values 
were close to the experimental ones.

Fig. 2 represents the plot of the obtained experimental 
results versus the predicted ones. The data points are closely 
spread around the first bisectrice indicating a very good fit 
between the simulated and the experimental results.

The model is of the form of a second-order polynomial 
equation and written as follows (Eq. (13)):

Y %COD removal efficiency X
X

( ) = + −

+

59 5483 4 44963
7 04054 3 4

1

2

. .
. . 33496 0 518875 1 34119

3 31731 3 41469 0 5
3 4 1 2

1 3 2 3

X X X X
X X X X

− + +
+ −

. .
. . . 552813 2 38331
3 57731 1 30816 3 04303 1
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0 473781
3
2

4
2

X
X
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 (13)

Table 4 shows the results of the quadratic response sur-
face model analysis of variance (ANOVA). ANOVA is recom-
mended to examine the efficiency and the significance of the 
model [26]. The variation of the results is due to the varia-
tion associated with the model and the one associated with 
the experimental error, and the significance of the model is 
proved or not when the variation is compared with the ones 
associated with residual error [27].

Fisher variation ratio F-value is the ratio between the 
mean square of the model and of residual error, which is a 
statistical measure used to see how well the factors repre-
sent the variation in the data with respect to its mean. The 
model is appropriate and good predictor of the experimental 
results, when the F-value is greater than the tabulated value 
of F-distribution for a certain number of degrees of freedom 
in the model at a level of significance α [8,28].

The F-value obtained (F = 17.35), being greater than the 
tabular F-value (Ftabular = 2.46 at 95% significance), indicates 
that the model was significant and represented well the vari-
ation of COD removal efficiency.

The coefficient of determination R2 reveals an acceptable 
fitting of the second-order equation. The R2-value is always 
located between 0 and 1. The closer R2 value to 1, the better 
the model predicts the response [28]. The R2-value of 0.94 was 
obtained (Table 4).

The Student’s t-test was involved to determine the sig-
nificance of the regression coefficient of the parameters. 

Table 2
Range and levels of process factors

Variables Ranges and levels

–2 –1 0 +1 +2
Current density  
(mA cm−2) (X1)

13.33 26.66 40 53.33 66.66

Initial pH (X2) 5 6 7 8 9
electrolysis time (min) (X3) 30 60 90 120 150
Distance between 
electrodes (cm) (X4)

2 2.5 3 3.5 4

Fig. 2. EC COD removal efficiency of leachate: predicted results 
versus experimental ones, the dashed line represents the first 
bisectrice with the data corresponding to the 30 experiments 
(experimental and predicted) with the correlation coefficient 
R2 = 0.97.
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An experimental significance level is calculated from the 
values known as the Student’s coefficient t [29].

The regression coefficients values, standard errors, 
t-statistics, and significance level p-values are given in Table 5.

To check and confirm the significance of each of the 
coefficients, it is recommended to use P-values as a tool in 

order to understand the mutual interaction patterns among 
the variables. The larger the Student’s t-test and the smaller 
P-value are, the more significant is the corresponding coef-
ficient [28,30]. If the coefficient probability value (P) was 
greater than 0.05, it can be concluded that the term did not 
have a significant effect on the predicted response [31].

From the results in Table 5, it can be deduced that current 
density (mA cm−2) (X1), initial pH (X2), and electrolysis time 
(min) (X3) have P-values equal to 0.000 which indicates that 
the terms in the model are significant with 95% confidence 
level. Otherwise, distance between electrodes (cm) (X4) had 
no significant effect since its P-value is equal to 0.476 which 
is much higher than 0.05. Furthermore, concerning quadratic 
effects, it can be noticed that the four interactions factors men-
tioned below are significant compared with others factors.

Current density with electrolysis time (P-value 0.002), 
initial pH with electrolysis time (P-value 0.001) as well as 
initial pH with distance between electrodes (P-value 0.015) 

Table 3
CCD design matrix for the four coded variables with experimental and predicted responses

Exp Current density (mA cm−2) Initial pH Electrolysis time (min) Distance between 
electrodes (cm)

COD removal efficiency (%)

Experimental Predicted

1 –1 –1 –1 –1 61.001 59.5957
2 +1 –1 –1 –1 61.757 60.2835
3 –1 +1 –1 –1 32.438 31.2302
4 +1 +1 –1 –1 40.858 37.2828
5 –1 –1 +1 –1 57.436 60.1562
6 +1 –1 +1 –1 78.465 74.1133
7 –1 +1 +1 –1 47.652 45.4495
8 +1 +1 +1 –1 62.279 64.7714
9 –1 –1 –1 +1 65.681 62,0455
10 +1 –1 –1 +1 58.284 60.5222
11 –1 +1 –1 +1 38.838 43.2253
12 +1 +1 –1 +1 50.930 47.0667
13 –1 –1 +1 +1 44.686 48.2968
14 +1 –1 +1 +1 59.978 60.0427
15 –1 +1 +1 +1 42.805 43.1354
16 +1 +1 +1 +1 58.805 60.2460
17 –2 0 0 0 47.269 45.4165
18 +2 0 0 0 60.255 63.2150
19 0 –2 0 0 60.895 61.4573
20 0 +2 0 0 32.750 33.2951
21 0 0 –2 0 44.437 48.1508
22 0 0 +2 0 64.497 61.8906
23 0 0 0 –2 54.743 58.6910
24 0 0 0 +2 59.456 56.6155
25 0 0 0 0 58.883 59.5483
26 0 0 0 0 59.619 59.5483
27 0 0 0 0 59.605 59.5483
28 0 0 0 0 59.830 59.5483
29 0 0 0 0 59.783 59.5483
30 0 0 0 0 59.570 59.5483

Table 4
Analysis of variance (ANOVA) for fit of COD removal efficiency 
from central composite design

Source of 
variations

Sum of 
squares

Degree of 
freedom

Adjusted 
mean square

F-value

Regression 2932.36 14 209.45 17.35
Residuals 181.05 15 12.07
Total 3113.41 29

R2 = 0.9418, Adj-R2 = 0.8876. F-value = 17.35 >>F0.05 (14. 15) tabular = 2.46
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and electrolysis time with distance between electrodes 
(P-value 0.001).

The Pareto analysis calculates the percentage effect (Pi) 
of each factor from the relationship of Eq. (14) giving more 
significant information to interpret the results [32].

The Pareto diagram (Fig. 3) confirms the Student’s t-test 
by showing the individual and combined effect of factors 
influencing the COD removal efficiency (%) from leachate.

P
a
a

ii
i

i

= × ≠
2

2 100 100
Σ

 (14)

Hence, the most significant parameters among those 
presented in Table 5 with low P-values are shown as well 
in the Pareto graphic plot of Fig. 3 which are from most to 
least significant: initial pH, current density, electrolysis time 
and the interactions between electrolysis time with distance 
between electrodes, initial pH and electrolysis time, current 
density with electrolysis time, and then initial pH and dis-
tance between electrodes.

3.2. Variables response surface and contour plots

Finding the optimal operating conditions for the COD 
removal from leachate by EC process is the main objective of 
the optimization process.

To estimate the difference between the observed and the 
predicted response values, residual analysis of the response 
surface design was used and the major diagnostic plots are 
represented in Fig. 4. The different plots show a good agree-
ment between the two kinds of responses.

Figs. 5(a)–(d) represent the obtained contour plots of 
the predicted COD removal efficiency, as developed from 
the polynomial function model, with the independent vari-
ables (X1, X2, X3, and X4). For each plot, two of the inde-
pendent variables are kept constant, while the two others 
can vary.

As shown in Fig. 5, the response surface and contour 
plots represent the results of the interactions between fac-
tors which are more significant in EC COD removal from 
leachate as well as the effect of these factors on the removal 
efficiency.

Table 5
Estimated regression coefficients and corresponding t and sig-
nificance level

Coefficient Parameter 
estimate

Standard 
error

t-Value P-Value

a0 59.5483 1.4183 41.985 0.000
a1 4.4496 0.7092 6.275 0.000
a2 –7.0405 0.7092 –9.928 0.000
a3 3.4350 0.7092 4.844 0.000
a4 –0.5189 0.7092 –0.732 0.476
a11 –1.3082 0.6634 –1.972 0.067
a22 –3.0430 0.6634 –4.587 0.000
a33 –1.1319 0.6634 –1.706 0.109
a44 –0.4738 0.6634 –0.714 0.486
a12 1.3412 0.8685 1.544 0.143
a13 3.3173 0.8685 3.819 0.002
a14 –0.5528 0.8685 –0.636 0.534
a23 3.4147 0.8685 3.932 0.001
a24 2.3863 0.8685 2.748 0.015
a34 –3.5773 0.8685 –4.119 0.001

Fig. 3. Pareto graphic analysis (factors: current density (X1), initial pH (X2), electrolysis time (min) (X3), and distance between 
electrodes (X4)).
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Fig. 4. Residual plots for COD removal efficiency of leachate by electrocoagulation.

The interaction is between (1) current density (mA cm−2) 
and electrolysis time (min), (2) initial pH and electrolysis 
time (min), (3) initial pH and distance between electrodes 
(cm), and (4) electrolysis time (min) and distance between 
electrodes (cm).

Fig. 5(a) represents the effects of electrolysis time and 
current density on % COD removal from leachate by EC 
process for initial pH = 7 and a distance of 3 cm between 
electrodes.

As can be seen in Fig. 5(a), electrolysis time had a strong 
positive effect on the % COD removal efficiency when cur-
rent density was high. In fact, when current density was 
equal to 66.66 mA cm−2 (high), the curve representing the 
variation of COD removal efficiency increased as electrolysis 
time increased as well. However, when current density was 
low 13.33 mA cm−2, it displayed an opposite trend.

As reported in the literature, the most probable reason 
is that electrolysis time determines anode dissolution rate 
[1,10]. Furthermore, an increase in current density results in 
more aluminum dissolution and an increase in bubble gener-
ation rate as well [16,34] providing a separation of coagulated 
leachate pollutants by flotation effect [1]. Indeed, Ilhan et al. 
[8] and Bouhezila et al. [9] when treating leachate using EC 
have found that an increase in current density results in a bet-
ter efficiency of electroflotation, and according to Li et al. as 
the current density increased, the hydrogen bubbles became 
denser and smaller in diameter leading to a more efficient 
flotation [1,35].

Moreover, the EC process using aluminum electrodes 
results in the release of Al3+ cations. However, different spe-
cies are formed depending on the solution pH and cathodic 
reduction of water (Eq. (4)) which contributes to the produc-
tion of hydrogen gas and hydroxide (OH–) that in turn pro-
motes the formation of aluminum precipitate (Al(OH)3) and 
contributes to the flocculation process by sweeping, whereas 
hydrogen gas bubbles promote removal by flotation [35] as 
already mentioned.

The 3 D plot of COD removal efficiency response sur-
face exhibited a set of maximal values that can be repre-
sented by an inclined straight line (see Fig. 5(a)), and the 
removal efficiency was lower on both sides of this straight 
line. It should be underlined that when the current den-
sity increased above the optimal values more coagulant 
than what is needed was available in solution resulting in 
a decrease in removal efficiency behaving as in chemical 
coagulation [16]. However, as electrolysis time increased, 
the removal efficiency of COD increased as well. Owing to 
the presence of aluminum precipitates since pH increased 
with time during EC, aluminum was then present in solu-
tion in excess; therefore, sweeping flocculation could con-
tribute to the COD removal. When current density was 
lower than the optimal values, it was expected, as the 
electrolysis time was increased, COD removal efficiency 
increased as more aluminum cations were present in solu-
tion. However, an opposite behavior resulted as can be seen 
in Fig. 5(a) for current density (13.33 mA cm–2) that could be 
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Fig. 5. The response surface and contour plots of % COD removal efficiency from leachate by electrocoagulation as a function of 
(a) current density (mA cm−2) and electrolysis time (min), (b) initial pH and electrolysis time (min), (c) initial pH and distance between 
electrodes (cm), and (d) electrolysis time (min) and distance between electrodes (cm).
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attributed to an increase in solution pH with time during 
the EC process [1].

Fig. 5(b) shows the effects of electrolysis time and ini-
tial pH on COD removal efficiency for a current density of 
40 mA cm−2 and a 3 cm distance between electrodes. From 
the figure, the COD removal efficiency was the highest 
when both initial pH and electrolysis time were low (pH = 5; 
time = 30 min). However, if the electrolysis time was increased, 
while initial pH was kept low (pH = 5), a slight decrease of 
10% in COD removal efficiency was noticed contrarily to the 
case when the pH was kept high (pH = 9) a moderate increase 
of 30% resulted. Whereas an increase in initial pH, while 
electrolysis time was kept low (30 min) resulted in a very 
pronounced decrease of more than 60%, but if electrolysis 
time was kept high (150 min), the COD variation curve was 
slightly concave with a maximum at pH = 7; time = 150 min. 
Furthermore, qualitatively, the maximal removal efficiency 
seems to be located on a straight line (see Fig. 5(b)).

The pH is an operating factor which strongly influences 
the performance of an EC process [37,38]. Under the condi-
tions of Fig. 5(b), initial pH seems to have a more pronounced 
effect on COD removal efficiency than electrolysis time. 
Indeed, when pH was low (pH = 5), aluminum was under 
a cationic form Al OH( )+2 and the coagulation process would 
take place. However, as the initial pH was increased, the cat-
ionic form of aluminum started to decrease, while the anionic 
form Al OH( )−4  increased until it exceeded its cationic form at 
a pH greater than 6.4 (Fig. 6) [38].

Then, the increase in initial pH resulted in a loss of 
removal efficiency of more than 40% for an electrolysis time 
of 30 min. On the other hand, this behavior had been greatly 
attenuated when the electrolysis time was kept at 150 min, 
with a displacement of the maximal removal to a pH 7, as the 
initial pH was increased. This could be explained by the fact 
that at pH 5 the available cationic aluminum complex was 
most probably greater than the optimal dose; however, as the 
initial pH increased the available cationic aluminum com-
plex decreased and the removal efficiency increased until 
pH 7. Over pH 7, the removal efficiency decreased to 48%. 
The results suggest that as the electrolysis time increased, 

the effect of initial pH increase was attenuated. In fact, as the 
electrolysis time increased, more aluminum was present in 
solution, encouraging, therefore, a sweeping process of the 
pollution. Moreover, bubbles generation increased as well 
as electrolysis time increased improving leachate removal 
[1,11,26,34].

Moreover, the removal efficiency could be kept at its max-
imum if both initial pH and electrolysis time were increased. 
When initial pH was high and electrolysis time was low, the 
COD removal efficiency was at its lowest value.

Fig. 5(c) shows the effects of distance between electrodes 
and initial pH for a current density of 40 mA cm−2 and elec-
trolysis time of 90 min.

The figure shows that COD removal efficiency was high-
est when both initial pH and distance between electrodes 
were at their lowest values.

Moreover, when the initial pH was kept at its lowest value 
of 5 and distance between electrodes was increased from 2 to 
4 cm, this resulted in a slight decrease of 10% in COD removal 
efficiency. Furthermore, when distance between electrodes 
was kept at its lowest value of 2 cm and initial pH was 
increased from 5 to 9, the COD removal efficiency decreased 
sharply. Therefore, pH had a more important effect on the 
removal efficiency than distance between electrodes.

At high pH (pH = 9), an increase in the distance between 
electrodes from 2 to 4 cm led to an increase in COD removal 
efficiency of 10%. However, at low pH (pH = 5), the same 
distance variations between the electrodes showed a decrease 
in COD removal efficiency of 10%. These opposite variations 
of COD removal efficiency are at the two extremes of pH 
5 and 9. The changes in the variation of COD removal effi-
ciency took place progressively as the pH was increased from 
5 to 9 as shown in the contour plot of Fig. 5(c), when distance 
between electrodes was high and initial pH varied between 
5 and 9, the resulting curve was concave, as shown on both 
response surface and contour plots of Fig. 5(c).

In fact, initial pH had a strong influence on COD removal 
efficiency as shown on Pareto graphic analysis of Fig. 3 where 
its percentage effect was 36.13% whereas it was insignifi-
cantly equal to 0.2% for the distance between electrodes vari-
ations. However, when the distance between electrodes was 
increased beyond 4 cm, depending on initial pH, a decrease 
in removal efficiency took place. Indeed, as the distance 
between electrodes was increased, the equivalent resistance 
of the solution volume between the electrodes increased as 
well leading to an increase in Ohmic losses which in turn 
inhibited the rate of anodic oxidation which was accompa-
nied with an increase in solution temperature [9].Therefore, 
according to the obtained results, the influence of initial pH 
was determinant for COD removal efficiency.

Depending on contact time, electrode type, and applied 
electrical power, solution temperature might increase during 
the EC process [8]. In fact, at a current density of 40 mA cm–2, 
an increase in distance between electrodes from 2 to 3 cm 
resulted in a change in temperature from 28°C to 34°C after 
90 min of electrolysis time, when using aluminum electrodes 
on leachate treatment with a conductivity of 20 mS cm–1 
at 25°C.

Fig. 5(d) shows the effect of distance between electrodes 
and electrolysis time, for a current density of 40 mA cm–2 and 
an initial pH of 7, on COD removal efficiency. The contour 

Fig. 6. Diagram of predominance of aluminum species and 
pH effect.
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plot shows that electrolysis time had more effect than distance 
between electrodes, mainly for low distance between elec-
trodes (2 cm) which is confirmed by Pareto results (electrolysis 
time = 8.6%, distance between electrodes = 1.9%). Moreover, 
the optimal line follows the diagonal (4 and 150), whereas the 
maximum was at 150 min and 2 cm. It should be underlined 
that the COD removal efficiency decreased from its maxi-
mum when distance between electrodes increased; however, 
an opposite behavior could be noticed when electrolysis time 
was equal to 30 min resulting in an increase in COD removal 
efficiency when distance between electrodes increased. 
Bouhezila et al. observed a 10% variation in COD removal 
efficiency when distance between electrodes increased from 
0.5 to 2.8 cm. A high distance between electrodes resulted in 
an important energy consumption [9].

3.3. EC leachate COD removal efficiency optimal conditions

Eq. (13) represents the polynomial model describing the 
experimental results of COD removal efficiency as a func-
tion of the four independent variables. Upon optimization, 
a unique solution was found, when using factorial experi-
mental design (RSM), and the optimized results, ensuring the 
maximum COD removal efficiency, are as follows: a current 
density (X1) of 66.66 mA cm–2, an initial pH (X2) of 6.62, an 
electrolysis time (X3) of 150 min, and a distance between the 
electrodes (X4) of 2 cm.

The variation of pH with time, under optimal conditions 
(initial pH of 6.62), during EC, is represented in Fig. 7. It 
increased from 6.62 to 7.4 in 5 min of electrolysis and con-
tinued to do so until it reached a pH of 9.2 at the end of the 
experiment.

The initial pH of the effluent as mentioned before 
plays an important role in EC. In fact, it is the most 
significant parameter as found in this study (Pareto’s plot 
of Fig. 3).

To check the results of the optimization, experiments 
were carried out using the obtained values for the optimal 
conditions.

The predicted and observed COD removal efficiencies 
(%) were found to be respectively 80% and 79.8%. These 
results were in a close agreement, confirming that the RSM 
could be effectively used to optimize process parameters of 
leachate treatment by EC using the statistical experimental 
design.

Moreover, experiments were carried out to check the 
effectiveness of EC to eliminate TOC, TN and turbidity from 
leachate under optimal conditions. The results showed an 
important removal capability of TOC, TN (Fig. 8(a)), and tur-
bidity (Fig. 8(b)) with removal efficiency of 78%, 45.4%, and 
99.9%, respectively.

4. Conclusion

Treating leachate by EC, using aluminum electrodes, 
was carried out in this study, showing its capacity to greatly 
reduce COD and turbidity. Moreover, the effect of operating 

Fig. 7. The influence of initial pH on COD removal efficiency 
from leachate during electrocoagulation process in the optimal 
conditions.

Fig. 8. Effectiveness of electrocoagulation to eliminate: (a) total organic carbon (TOC), total nitrogen (TN), and (b) turbidity.
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parameters, such as current density, initial pH, electrolysis 
time, and distance between the electrodes, on the removal 
efficiency of COD had been examined covering a wide range 
of operating conditions.

Statistical optimization method was used in this study 
and proved to be a powerful tool of optimization in EC 
process. The experimental data were analyzed using RSM 
where a four-level of the CCD was applied in the present 
investigation. The principal objective of RSM was to deter-
mine the optimal operational conditions in the treatment 
of leachate by EC using COD removal efficiency as the 
response.

The optimized operational parameters found through the 
application of RSM were for current density (66.66 mA cm–2), 
initial pH (6.62), electrolysis time (150 min), and distance 
between the electrodes (2 cm). To confirm these results, 
experiments were carried out using these same values and 
the obtained removal efficiency was for COD 79.8% close to 
the value obtained through RSM (80%) procedure.

The application of RSM classified the operational param-
eters according to their respective effects on EC and had 
shown that initial pH was the most determinant one, fol-
lowed by current density, electrolysis time, and to a less 
extent by distance between electrodes.

From the results, the optimization using a RSM by a CCD 
can save time and efforts in estimating optimal conditions.
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