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ABSTRACT

In this study, the electrocoagulation (EC) method was used to treat landfill leachate (LL). pH, reaction
time (electrolysis time) and current density were selected as independent parameters for an experi-
mental design employing Taguchi orthogonal arrays. These independent parameters were varied at
five different levels (pH: 3, 5, 7, 9 and 11; reaction time: 5, 10, 15, 20 and 25 min; current density: 10,
20, 30, 40 and 50 mA/cm?) to determine their effects on the removal efficiencies of selected dependent
parameters. COD, soluble COD (sCOD) and color were selected as the dependent parameters and
analyzed at the beginning and end of each batch experiment. Aluminum and iron electrodes were
used for separate batch studies. The maximum removal efficiencies of COD, sCOD and color with
Al electrode pairs were found to be 62% (for 3-5-2 levels), 51% (for 4-4-2 levels) and 88% (for 1-5-5
levels), respectively. Moreover, the removal efficiencies of COD, sCOD and color with Fe electrodes
pairs were found to be 39% (for 4-3-1 levels), 39% (for 1-1-1 levels) and 81% (for 1-5-5 levels), respec-
tively. The operational costs of LL treatment with Al electrodes pairs were calculated to be between
3.64 and 4.53 USD$/m?LL. According to the Taguchi method, the contributions of pH, current density
and reaction time to COD removal efficiency were found to be 79.35%, 6.45% and 4.46%, respectively.

Keywords: Aluminum electrode; COD; Electrocoagulation; Iron electrode; Landfill leachate; Taguchi

method

1. Introduction

Solid waste management is an important issue in
all communities worldwide. When considered within the
scope of the waste hierarchy, the final solid waste disposal
method is landfill. Landfill is an engineered method for
solid waste disposal and important to protect the environ-
ment. Physical, chemical and biological processes occur in
the landfill depending on time, and they result in the pro-
duction of gases such as methane, carbon dioxide, etc., and
waste water (landfill leachate). LL contains lots of organic
and inorganic pollutants [1]. LL has a complex structure
and a large pollutant load, and it is moderately difficult to
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treat it to ensure that it meets discharge standards. LL con-
tains large numbers of organic or inorganic pollutants such
as BOD, COD, ammonia and heavy metals in excessive con-
centrations. Therefore, many treatment methods such as bio-
logical, chemical, physical, wetland and advanced oxidation
processes have been applied to treat the LL [2]. In order to
treat the LL, lots of methods have been examined in the pub-
lished literature, including physical [3-12], chemical [13-22]
and biological [23-32] approaches. In addition to the clas-
sical treatment methods mentioned above, in recent years,
electrochemical methods (electrocoagulation, electro-Fen-
ton, electro-dialysis, etc.) have been used as a pre-treatment
stage in the LL treatment process. One of the electrochemical
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methods is electrocoagulation (EC), and in this process,
flotation and precipitation occurs simultaneously. The EC
process has many benefits, such as a simple equipment
requirement, ease of operation, a larger floc structure, a fast
and separable sludge structure, a lower treatment volume
requirement and less excessive use of chemicals. In the EC
process, sacrificial electrodes such as aluminum, iron, zinc,
etc. are used to generate the release of active coagulant pre-
cursors into the solution. In an EC process, an electrical cur-
rent is passed through a metal electrode; the anode material
undergoes oxidation, while the cathode will be subjected to
reduction or reductive deposition of elemental metals. Both
AP* and Fe* react with OH™ to form AI(OH),, or Fe(OH),
according to complex precipitation kinetics [33]. The mech-
anism of EC is extremely dependent on the chemistry of the
aqueous medium, especially its conductivity. The mecha-
nism of generating ions by EC can be explained with the
examples of iron and aluminum, which were used as the
anode and cathode in this study. In an electrolytic system,
iron produces iron hydroxide. In the case of iron or steel and
aluminum anodes, two mechanisms for the production of
the metal hydroxide have been proposed and are presented
in Egs. (1)—(11) as follows [34-36].

1.1. Mechanism 1

Anode

4Fe ) > 4Fe™ +8e” 1)

Al — Al +3e” )

Chemical

4Fe* +10H,0, + O, — 4Fe(OH), +8H" ©)

AP* + 3H,0, - Al(OH), +3H" (4)

Cathode

8H" +8e” —4H, (5)
1.2. Mechanism 2

Anode

Fe,, — Fe®" +2e” (6)

Chemical

Fe*” +2(OH) — Fe(OH), @)

AP +3(OH) — AI(OH), ®)

Cathode

2H,0,, +2e - H, +2(OH) ©)

Overall
Fe , +2H,0( —Fe(OH), +H, (10)
AI" +3H,0, - Al(OH), +3H" (11)

The removal efficiency of the pollutants and the energy
consumption of the process are vital parameters of the treat-
ment systems and, in turn, depend on operational param-
eters such as current density, pH, electrolysis (or reaction
or operation) time, electrode type and conductivity. So, pro-
cess parameters need to be optimized to increase the treatment
efficiency and decrease the energy consumption. Moreover,
in classical optimization of system-affecting factors, the
level of one factor is changed while the other factor lev-
els are kept constant, then one by one, all factors are opti-
mized. So, the classical optimization method requires more
experimental study and is time consuming [37]. There are
a lot of statistical experimental design techniques, such as
response surface methodology and complete or partial facto-
rial designs that are widely used in many scientific studies
[38—44]. One of these techniques is the Taguchi method and
includes the design of an experimental process that uses
orthogonal arrays (OA) to allow independent evaluation of
factors within the least number of attempts. This technique
involves data conversion to a signal-to-noise (S/N) ratio
which is a measure of the presented changes [45]. In addi-
tion to other statistical experimental design methods, the
Taguchi method allows the control of parameters affecting
an experiment in a controlled and non-controlled manner,
and the method can be applied to an experimental design
with a large number of design factors [46].

In this study, raw LL from Kemerburgaz Sanitary Landfill,
Istanbul, was subjected to the electrocoagulation process
with aluminum (Al-Al) and iron (Fe-Fe) electrodes for batch
studies in the laboratory. Aluminum and iron electrode pairs
were used as a monopolar array in separate working sets.

The main objective of the study was to evaluate the
treatability of LL and optimize pollutant removal efficien-
cies by using the Taguchi method. Hence, a batch studies
matrix was planned using Minitab software for optimized
EC studies using the Taguchi method. During batch stud-
ies, removal efficiencies of selected dependent variables
(COD, soluble COD and color) were analyzed both at the
beginning and at the end of each batch study based on inde-
pendent variables (current density, reaction time and pH).
This study is important because it is the first study using the
Taguchi optimization method and the L,, orthogonal arrays
in investigating LL treatment.

2. Materials and methods
2.1. Experimental setup

A 0.5 L plexiglass reactor was used for the investigation.
Batch tests were conducted using 0.25 L of raw LL for each
experimental set. LL was taken from the Odayeri Sanitary
Landfill site located on the European side of Istanbul.
The electrochemical cell consisted of a submerged anode
and cathode, both of the same material (i.e., either aluminum
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or iron) in the form of flat sheets, in the 0.5 L plexiglass
reactor. The electrode dimensions were 4.5cm wide by 10 cm
deep, resulting in a submerged surface area of 45 cm?. In the
study, electrolysis is the most important mechanism, and
a digital GW Instek GPS 3030 DD power supply was used
to power the EC operation. Both anode and cathode were
placed parallel and vertical to each other with an inter-
electrode distance of 4 cm. Electrode pairs were placed into
the reactor in a monopolar configuration (Al-Al or Fe-Fe).
The electrode pairs were cleaned by hand in distilled water
before every run. For pH adjustment, 6 M of NaOH and/or
37% HCl of analytical grade were used. The pH and conduc-
tivity were measured by a WTW pH/Cond 340i SET 2. COD
and sCOD were measured by a closed reflux method and
color was measured by the platinum-cobalt (Pt-Co) scale
[47]. All analyses were carried out in triplicate (deviations
were lower than 5% in all cases). The experimental set-up is
given Fig. 1.

LL was kept in the refrigerator at 4°C in the Environ-
mental Engineering laboratory of Yildiz Technical University.
Before each experimental study, LL was removed from the
refrigerator and the test was not started until its tempera-
ture had reached the ambient temperature in the labora-
tory. The characteristics of the landfill leachate are given
in Table 1. Moreover, no mixing was carried out in the EC
reactor during experimental work processes. After each
batch work, purified LL was left for 1 h and the superna-
tant was subjected to analysis. All wastewater analyses were
performed in accordance with the Standard Methods for
Examination of Water and Wastewater [47].

2.2. Experimental design based on the Taguchi method

The Taguchi method was used to create a set of experi-
ments designed using Minitab software (Minitab 17.0 trial
version). The Taguchi method includes the design of an
experimental process that uses OAs to reduce the num-
ber of experiments required. OA refers to an experimental
matrix designed with L, stages, where i is the number of
trials in the experimental matrix or the total degrees of free-
dom and includes a set of experiments where the settings

1.DC Power Supply
2.Electrolytic Cell (LL)
3.Electrode Pair

3 4.Reactor

3
4/4{ Y

Fig. 1. Experimental set-up.

of process parameters are varied. OAs allow evaluation of
the effects of several process parameters to be determined
efficiently. The selection of a suitable OA depends on the
number of control factors and their levels [42,48]. In the
study, the Taguchi method was used to decide the ideal
conditions for the EC process. For this purpose, current
density, pH and reaction time were selected as indepen-
dent variables during this Taguchi experimental design.
Each factor, which consisted of five levels and L, orthog-
onal arrays, was taken to establish the ideal conditions for
the aluminum and iron electrodes with the least number
of trials. Batch studies were performed with both alumi-
num (Al-Al) and iron (Fe-Fe) electrodes pairs, separately.
The factors and their levels in the batch studies are pre-
sented in Table 2.

3. Results and discussion

In the study, Minitab software was used to analyze the
collected data and to determine the effect of each parameter
on the optimization criteria. Moreover, all levels of variables
in Table 1 were used. During this work, COD, soluble COD
and color results were expressed by percentage of removal
through the following equation:

Pollutant removal efﬁciency(%) = {C‘E C. } x100 (12)

i

where C, is the initial concentration and C, is the final con-
centration of the pollutant (mg/L). The numerical value of
the maximum point in each graph clarifies the best value of
that particular parameter shown in Table 3, and indicates
the optimum conditions within the range of experimental
conditions. Results related to the removal efficiency of COD,
sCOD and color for 25 experimental batch studies are given
in Table 3.

Table 1
Landfill leachate characteristics

Parameters Values

PH (20 degrees centigrade) 8.1-8.8

Conductivity, mS/cm (20 degrees centigrade) 38.5-39.5

COD, mg/L 7,560-8,892

sCOD, mg/L 7,392-8,496

Color, Pt-Co 1,800-4,000
Table 2

Factors and their values corresponding to the levels to be studied
in the EC experiments

Experimental factors Experimental levels

1 2 3 4 5

A: Current density (mA/cm?) 10 20 30 40 50
B: Reaction time (min) 5 10 15 20 25
C:pH 3 5 7 9 11
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Table 3

Experimental variables, their levels, and results of conducted experiments corresponding to the L,, experimental plan

Batch experiment Variables and their levels

Removal of COD, %

Removal of sCOD, % Removal of color, %

No

A B C I II I II I II
1 1 1 1 22 26 25 39 33 36
2 1 2 2 43 20 28 28 37 39
3 1 3 3 14 12 35 15 52 40
4 1 4 4 6 15 5 77 56
5 1 5 5 20 8 11 5 88 81
6 2 1 2 42 15 23 22 14 38
7 2 2 3 18 27 23 26 51 53
8 2 3 4 16 6 8 8 78 69
9 2 4 5 22 14 13 10 87 88
10 2 5 1 23 33 33 37 6 14
11 3 1 3 13 23 18 17 38 40
12 3 2 4 9 4 19 6 75 57
13 3 3 5 21 9 17 6 84 75
14 3 4 1 39 38 36 37 15 13
15 3 5 2 62 29 32 32 71 42
16 4 1 4 11 3 4 3 57 27
17 4 2 5 24 7 19 6 85 39
18 4 3 1 25 39 31 37 22 25
19 4 4 2 58 30 51 35 71 32
20 4 5 3 21 27 33 24 73 38
21 5 1 5 12 6 8 7 82 42
22 5 2 1 41 30 22 30 18 13
23 5 3 2 53 31 50 37 64 41
24 5 4 3 37 28 29 17 78 33
25 5 5 4 12 15 9 5 83 33

The results of the experimental studies obtained by using
the most significant independent variables performed in the
study are summarized in the following sub sections for both
aluminum and iron electrode pairs based on Figs. 2-7 and
Table 3.

3.1. Effect of current density on the process

One important parameter for efficient removal of pol-
lutants in the EC process is current density. Current density
is responsible for the metal hydroxide concentrations, the
reaction rate of the process, the coagulant dosage, the bubble
production and the effects on growth of flocs. In this study,
current density was used in a range of 10-50 mA/cm? to assess
the effect on LL treatment efficiencies of the electrochemical
process. In the case of aluminum electrodes (Figs. 2—4), the
highest removal efficiency for COD, sCOD and color was at
level five (50 mA/cm?), at level three (30 mA/cm?) and at level
five (50 mA/cm?), respectively. On the other hand, in the case
of the iron electrodes (Figs. 5-7), the highest removal effi-
ciency for COD, sCOD and color was at level two (20 mA/
cm?), atlevel 2 (20 mA/cm?) and at the first level (10 mA/cm?),
respectively.

The removal efficiencies for COD, sCOD and color based
on changes in current density are summarized in Table 3:

For aluminum electrodes, the highest COD removal
efficiency was obtained at 30 mA/cm?. Compared with the
value at 30 mA/cm?, the COD removal efficiency at 20 mA/
cm? decreased by at least 32%. Compared with the value
at 30 mA/cm? the COD removal efficiency at 40 mA/cm?
decreased by at least 6%. The highest efficiency of sCOD
removal was at 40 mA/cm? Compared with the value at
40 mA/cm?, the sCOD removal efficiency at 30 mA/cm?
decreased by at least 30%. Compared with the value at
40 mA/cm?, the removal efficiency at 50 mA/cm? decreased
by at least 1%. The highest color removal efficiency was
obtained at a current density of 10 mA/cm? Compared
with the value at 10 mA/cm?, the color removal efficiency
at 20 mA/cm? decreased by at least 1%. Compared with the
value at 10 mA/cm?, the color removal efficiency at 30 mA/
cm? decreased by at least 4%.

For iron electrodes, the highest COD removal efficiency
was obtained at 40 mA/cm? Compared with the value
at 40 mA/cm?, the COD removal efficiency at 30 mA/
cm? decreased by at least 2%. Compared with the value
at 40 mA/cm? the COD removal efficiency at 50 mA/cm?
decreased by at least 21%. The highest sCOD removal effi-
ciency was obtained at 10 mA/cm? Compared with its value
at 10 mA/cm? sCOD removal efficiency decreased by at
least 2% at 20 mA/cm? The highest color removal efficiency
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Data Means

Current Density

Mean of SN ratios

Signal-to-noise: Larger is better

Reaction Time pH

N

4 5 1 2 3 4 5

Fig. 2. Effect of the parameters on COD removal efficiency for Al electrodes. On the left-hand side, it shows the current density
(10 to 50 mA/cm?) based on levels (1 to 5). In the middle, it shows hydrolysis time (5 to 25 min) based on levels (1 to 5). On the right-
hand side, it shows different initial pH (3 to 11) based on levels (1 to 5).
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Fig. 3. Effect of each parameter on sCOD removal efficiency for Al electrodes. On the left-hand side, it shows the current density
(10 to 50 mA/cm?) based on levels (1 to 5). In the middle, it shows hydrolysis time (5 to 25 min) based on levels (1 to 5). On the right-
hand side, it shows different initial pH (3 to 11) based on levels (1 to 5).

was obtained at a current density of 20 mA/cm? Compared
with the value at 20 mA/cm?, the color removal efficiency
at 10 mA/cm? decreased by at least 7%. Compared with the
value at 20 mA/cm?, the color removal efficiency at 30 mA/
cm? decreased by at least 14%.

A study performed by Kalyani et al. [49] observed that
the color removal and total organic carbon (TOC) removal
were increased as the current density increased up to the
optimum value. The increase in current density resulted in
the production of a large amount of AI** ions via anodic metal

dissolution and more H, bubbles forming at the cathode,
which are profitable for the separation or flotation process
[50]. According to Heidmann and Calmano [51], a propor-
tional relationship was established between the current den-
sity and power consumption, and it is necessary to identify
the optimum value of current density to reduce the power
consumption. In addition, Faraday’s law also states that the
amount of oxidized metal decreased as the gap between the
electrodes is increased. The power consumption increased
as the inter-electrode distance increased. This was due to the
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fact that there is more resistance offered when the electrodes
gap increases and power consumption is directly propor-
tional to the cell voltage [52].

3.2. Effect of reaction time on the process

It is known that there is a strong relationship between
reaction time and the formation of the metal hydroxide
necessary to remove the pollutant. In this study, the reac-
tion time used was in the range of 5-25 min. The two exam-
ples with aluminum and iron electrodes showed the effect

of reaction time on the efficiency of pollutant removal.
In the case of the aluminum electrode (Figs. 2-4), the high-
est removal efficiency for COD, sCOD and color were at the
second level (10 min), at the fourth level (20 min) and at the
fourth level (20 min), respectively. On the other hand, for
the iron electrode (Figs. 5-7), the highest removal efficiency
for COD, sCOD and color were at the fourth level (20 min),
at the fourth level (20 min) and at the third level (15 min),
respectively.

The removal efficiencies of COD, sCOD and color, based
on the changes in reaction time, are summarized in Table 3:

Data Means

Current Density
40,0

Mean of SN ratios
w
N

1 2 3 4 5 1 2

Signal-to-noise: Larger is better

Reaction Time pH

375
0 V/A //\
300
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3

Fig. 4. Effect of each parameter on color removal efficiency for Al electrodes. On the left-hand side, it shows the current density
(10 to 50 mA/cm?) based on levels (1 to 5). In the middle, it shows hydrolysis time (5 to 25 min) based on levels (1 to 5). On the right-
hand side, it shows different initial pH (3 to 11) based on levels (1 to 5).

Data Means

Current Density

Mean of SN ratios

10
1 2 3 4 5 1 2

Signal-to-noise: Larger is better

Reaction Time

Fig. 5. Effect of each parameter on COD removal efficiency for Fe electrodes. On the left-hand side, it shows the current density
(10 to 50 mA/cm?) based on levels (1 to 5). In the middle, it shows hydrolysis time (5 to 25 min) based on levels (1 to 5). On the right-
hand side, it shows different initial pH (3 to 11) based on levels (1 to 5).
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Data Means
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Fig. 6. Effect of each parameter on sCOD removal efficiency for Fe electrodes. On the left-hand side, it shows the current density
(10 to 50 mA/cm?) based on levels (1 to 5). In the middle, it shows hydrolysis time (5 to 25 min) based on levels (1 to 5). On the right-
hand side, it shows different initial pH (3 to 11) based on levels (1 to 5).
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Fig. 7. Effect of each parameter on color removal efficiency for Fe electrodes. On the left-hand side, it shows the current density
(10 to 50 mA/cm?) based on levels (1 to 5). In the middle, it shows hydrolysis time (5 to 25 min) based on levels (1 to 5). On the right-
hand side, it shows different initial pH (3 to 11) based on levels (1 to 5).

For aluminum electrodes, the highest COD removal
efficiency was obtained at level 5 (25 min). Compared with
the value at level 5 (25 min), the COD removal efficiency at
level 4 (20 min) decreased by at least 6%. The highest effi-
ciency of sCOD removal was obtained at level 4 (20 min).
Compared with the value at level 4 (20 min), the sCOD
removal efficiency at level 3 (15 min) decreased by at
least 2%. Compared with the value at level 4 (20 min), the
removal efficiency at level 5 (25 min) decreased by at least
30%. The highest color removal efficiency was obtained at

level 5 (25 min). Compared with the value at level 5 (25 min),
the color removal efficiency at level 4 (20 min) decreased by
at least 1%.

For iron electrodes, the highest COD removal was obtained
at level 3 (15 min). Compared with the value at level 3
(15 min), the COD removal efficiency at level 4 (20 min)
decreased by at least 1%. Compared with the value at level
3 (15 min), the COD removal efficiency at level 2 (10 min)
decreased by at least 23%. The highest sCOD removal effi-
ciency was obtained at level 1 (5 min). Compared with its
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value at level 1 (5 min), sCOD removal efficiency decreased
by at least 23% at level 2 (10 min). The highest color removal
efficiency was obtained at level 4 (20 min). Compared with
the value at level 4 (20 min), the color removal efficiency at
level 5 (25 min) decreased by at least 7%. Compared with
the value at level 4 (20 min), the color removal efficiency at
level 3 (15 min) decreased by at least 14%.

3.3. Effect of pH on the process

In this study, the most important parameter for removal
efficiencies of pollutants in the electrochemical processes
was found to be pH. It was also stated in previous studies
that pH was the most important factor for pollutant removal
via electrochemical processes [41,53].

In the case of the aluminum electrode (Figs. 2—4), the
highest removal efficiency for COD, sCOD and color were
at the second level (pH = 5), at the second level (pH = 5) and
at the fifth level (pH = 11), respectively. On the other hand, a
study conducted by Asaithambi et al. [54] using aluminum
electrodes, color and TOC removal efficiency increased at
an effluent pH value from 5 to 7.5, but decreased when the
pH was from 7.5 to 11. When this current study is compared
with the previous study [54] to determine the pH value
for optimum color removal, it is understood that optimum
removal efficiencies are obtained at different pH values.
This can be explained theoretically in the absence of any
pollutants for pure water under standard conditions: with
Al electrodes in acidic medium, monomeric hydroxometal-
lic cations AI(OH), are formed (Egs. (4) and (11)). For neutral
media, both polymeric hydroxometallic cations and metal
hydroxide precipitates coexist at higher pH. The net charge
on the surface of the amorphous metal hydroxide precip-
itate changes from positive to negative and the polymeric
cations remain in the solution. More OH" can be formed in
neutral conditions compared with acidic and alkaline media
in the electrocoagulation process [55,56]. Nevertheless, LL
has a lot of pollutants and it is difficult to develop these
theoretically known electrochemical conditions in it.

In contrast, for iron electrodes (Figs. 5-7), the highest
removal efficiency for COD, sCOD and color was at the first
level (pH = 3), at the first level (pH = 3) and at the fifth level
(pH = 11), respectively.

For aluminum electrodes, the removal efficiencies of
COD, sCOD and color based on the changes of pH are
summarized below using Table 3:

The highest COD removal efficiency was obtained for a
pH =5. The COD removal efficiency at pH =7 was reduced
by 65% compared with the value at pH = 5. The highest
removal efficiency for sCOD was obtained when pH = 5.
When compared with pH = 5, the removal efficiency at
pH = 7 decreased by 31%. The highest color removal effi-
ciency was realized at pH = 11. The color removal at pH =9
was reduced by 12% compared with the value at pH = 11.

For iron electrodes, the highest COD removal efficiency
was obtained for pH = 3. Compared with pH = 3, the COD
removal efficiency at pH = 5 decreased by at least 21%.
The highest removal efficiency for sCOD was obtained when
pH = 3. Compared with the value at pH = 3, sCOD removal
efficiency at pH = 5 decreased by at least 3%. The highest
color removal efficiency was realized at pH = 11. The color

removal efficiency at pH = 9 was reduced by at least 21%
compared with the value at pH =11.

The effects of performance criteria on COD, sCOD and
color removal efficiency for aluminum electrodes are illus-
trated in Figs. 24, respectively. The experiments performed
within the investigated range showed that optimal current
density, reaction time and pH value were 50 mA/cm?, 20 min
and 5, respectively.

The effects of the performance criteria on COD, sCOD
and color removal efficiency for iron electrodes are illus-
trated in Figs. 5-7, respectively. The experiments performed
within the investigated range showed that optimal current
density, reaction time and pH value were 20 mA/cm?, 20 min
and 3, respectively.

The Taguchi design experiment (L,.) was carried out to
optimize the effective parameters to efficiently remove LL
pollutants using an electrocoagulation process. The larger-
the-better S/N ratio was used to analyze the results of the
batch experimental studies. Analysis of variance (ANOVA)
was performed to examine the effective parameters and
their confidence levels on the COD, sCOD and color removal
efficiencies. ANOVA is used to explore the process parame-
ters that significantly affect the process responses. The result-
ing ANOVA values for COD removal, sCOD removal and
color removal performance for aluminum and iron electrodes
are given in Tables 4 and 5, respectively.

Table 4 shows the result of the ANOVA test for COD,
sCOD and color removal performance with aluminum elec-
trodes. According to the ANOVA analysis, the factors in the
tables are in accordance with their significance. According
to Table 4 (Al-Al electrodes pairs), the first important inde-
pendent parameter for efficient removal of COD was the
initial pH with a contribution value of 79.35%. The second
important independent parameter for COD was the cur-
rent density with a contribution value of 6.45%. The third
important independent parameter for COD was the reac-
tion time with a contribution value of 4.46%. By contrast,
the first important independent parameter for efficient
removal of sCOD was initial pH with a contribution value
of 66.71%. The second important independent parameter
for sCOD was the reaction time with a contribution value
of 15.51%. The third important independent parameter for
sCOD was the current density with a contribution value of
4.35%. In addition, the first important independent parame-
ter for efficient removal of color was pH with a contribution
value of 74.31%. The second important independent para-
meter on color was the reaction time with a contribution
value of 8.56%. The third important independent parameter
for color was the current density with a contribution value
of 5.19%. Hence, in the case with aluminum electrodes, the
sequence related to the importance of COD removal effi-
ciency was found to be pH > current density > reaction time.
The sequence related to the importance of sCOD and color
removal efficiency was found to be pH > reaction time >
current density.

Table 5 shows the result of the ANOVA test for COD,
sCOD and color removal performance with iron electrodes.
According to ANOVA analysis, the factors in the tables are
in accordance with their significance. According to Table 5
(Fe-Fe electrodes pairs), the first important independent
parameter for efficient removal of COD was the initial pH
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Table 4

ANOVA values for COD, sCOD and color removal efficiency using aluminum electrodes

Source DF Seq SS C, % Adj SS AdjMS F-value p-value

a. COD removal performance
Current density 4 404.2 6.45 404.2 101.05 1.99 0.161
Reaction time 4 279.3 4.46 279.3 69.83 137 0.301
pH 4 4,973.3 79.35 4,973.3 1,243.33 24.45 0.000
Error 12 610.3 9.74 610.3 50.86
Total 24 3,590.4 100

b. Soluble COD removal performance

Current density 4 156.4 4.35 156.4 39.09 0.97 0.458
Reaction time 4 556.9 15.51 556.9 139.24 3.47 0.042
pH 4 2,395.2 66.71 2,395.2 598.81 14.91 0.000
Error 12 481.9 13.42 481.9 40.16
Total 24 3,590.4 100.00

c. Color removal performance
Current density 4 899.8 5.19 899.8 224.90 1,30 0.323
Reaction time 4 1,482.6 8.56 1,482.6 370.60 2,15 0.13
pH 4 12,876.2 74.31 12,876.2 18.66 3,219 0.000
Error 12 2,069.7 11.94 2,069.7 172.50
Total 24 17,328.3 100

Notes: DF: degree of freedom, SS: sum of squares, C: contribution, MS: mean of square. %C = 100 (sum of squares/total sum of squares).

with a contribution value of 88.10%. The second important
independent parameter for COD was the reaction time with
a contribution value of 3.35%. The third important inde-
pendent parameter for COD was the current density with a
contribution value of 1.96%. By contrast, the first important
independent parameter for efficient removal of sCOD was
the initial pH with a contribution value of 92.14%. The sec-
ond important independent parameter for sCOD was the
reaction time with a contribution value of 0.98%. The third
important independent parameter for sCOD was the current
density with a contribution value of 0.42%. In addition, the
first important independent parameter for efficient removal
of color was pH with a contribution value of 57.27%. The sec-
ond important independent parameter for color was the cur-
rent density with a contribution value of 20.40%. The third
important independent parameter for color was the reaction
time with a contribution of 5.45%.

Hence, in the case with iron electrodes, the sequence
related to the importance of the COD and sCOD removal effi-
ciency was found to be pH > reaction time > current density.
On the other hand, the sequence related to the importance of
color removal efficiency was found to be pH > current den-
sity > reaction time.

Predicted removal efficiency values for optimum exper-
imental conditions obtained using Minitab software for alu-
minum and iron electrodes are given in Table 6.

Table 6 shows the optimum working conditions and pre-
dicts the response under these conditions. For aluminum
electrodes, the best COD removal conditions were found to
be 50 mA/cm? 20 min and pH = 5; under these conditions
the predicted COD removal efficiency was 60.65%. The pre-
dicted sCOD and color removal efficiency for aluminum
electrodes were found to be 45.82% and 100%, respectively.

For iron electrodes under the best removal conditions, pre-
dicted COD and dissolved COD removal efficiency were
41.04% and 38.10%, respectively.

3.4. Costs analysis

In the EC process, cost is considered a vital parameter
that affects the application of any method of wastewater
treatment. This study looked at the ideal conditions for the
EC process. The operating cost includes material cost (elec-
trode cost) and electrical energy cost (energy cost). The oper-
ating cost was calculated per m® of treated wastewater for
both Al and Fe electrodes. The energy cost and electrode cost
in the EC process can be calculated using Egs. (13) and (14),
respectively. The sum of these costs was calculated as the
operational cost in the study.

Y, (13)

E t=
nergy cos 1000V

where the energy cost is in kWh/m? E is the voltage (V),
I is the electrical current (A), T is the reaction time (h), f, is
a unit of electrical cost (0.1 USD$/kWh), 1,000 is a multiplier
for kilowatt conversion, and V is the cubic volume of the
treated LL (m®).

ITﬁrIMW
zFV

Electrode cost =
(14)

where the electrode consumption is in kg/m?, f, is unit elec-
trode cost (1.82 USD$/kg Al and 0.36 USD$/kg Fe), M, is the
molecular weight of the metal electrode (Al: 0.027 kg/mole;
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Table 5

ANOVA values for COD, sCOD and color removal efficiency using iron electrodes

Source DF Seq SS C % Adj SS AdjMS F-value p-value
a. COD removal performance
Current density 4 74.31 1.96 74.31 18.58 0.89 0.497
Reaction time 4 126.89 3.35 126.89 31.72 1.53 0.256
pH 4 3,333.58 88.10 3,333.58 833.40 40.14 0.000
Error 12 249.13 6.58 249.13 20.76
Total 24 3,783.92 100
b. Soluble COD removal performance
Current density 4 17.39 0.42 17.39 4.349 0.20 0.935
Reaction time 4 40.06 0.98 40.06 10.016 0.45 0.768
pH 4 3,784.07 92.14 3,784.07 946.016 42.82 0.000
Error 12 265.12 6.46 265.12 22.094
Total 24 4,106.65 100.00
c. Color removal performance

Current density 4 1,884.6 20.4 1,884.6 4711 3.43 0.043
Reaction time 4 503.8 5.45 503.8 125.9 0.92 0.485
pH 4 5,290.2 57.27 5,290.2 1,322.5 9.63 0.001
Error 12 1,647.7 17.84 1,647.7 137.3
Total 24 9,236.2 100

Notes: DF: degree of freedom, SS: sum of squares, C: contribution, MS: mean of square.

Table 6

Predicted pollutant removal efficiency values for optimum experimental conditions (aluminum and iron electrodes)
Source Current density Reaction time pH Predicted, % CL.%

For aluminum electrodes
COD 5 4 2 60.65 49.44-71.85
Soluble COD 4 4 2 45.82 35.86-55.78
Color 5 4 5 100 80.04-121.31
For iron electrodes

COD 4 4 1 41.04 33.87-48.19
Soluble COD 4 4 1 38.10 30.71-45.48
Color 1 3 5 80.28 48.80-111.75

Notes: C.L: confidence limit.

Fe: 0.056 kg/mole), F is Faraday constant (96,485 coulomb/
mole or ampere.second/mole), T is the reaction time (s) and z
is the electron transfer number (Al: 3 and Fe: 2).

It is known that hydrogen is formed at the cathode by
electrolysis during the process. The amount of hydrogen formed
in the process can be theoretically calculated with Eq. (15).

1T

My = ?H (15)

where n,; is the amount of hydrogen obtained at cathode

(mole), T is the reaction time (second) and H is an inde-
pendent variable with a value of 0.5.

The operating costs and total costs for the optimum

removal efficiencies of COD, sCOD and color using Al and

Fe electrodes were calculated by Egs. (2) and (3). The life
stage of LL used in the current study can be characterized as
being mid-life. The energy costs for COD, sCOD and color
for aluminum electrodes were found to be 3.64, 3.64 and
4.53 USD$/m’LL, respectively. In a preliminary study [57],
the COD removal cost for young leachate was found to be
6.91 USD$/m’LL. In another study using mid-life LL from the
same landfill [22], the COD removal cost was found to be
4.37 USD$/m’LL (with aluminum electrodes). In a study con-
ducted by Asaithambi et al. [54] using aluminum electrodes,
the optimum energy cost of removal of color and TOC for LL
was found to be 0.39 USD$/m°LL for old LL. The cost of pol-
lutant removal can be explained in relation to the age of the
LL. It was said that treatment of mid-life or older LL with EC
is more economical than for young leachate. The energy costs
for COD, sCOD and color for Fe electrodes were found to be
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4.53,0.59 and 0.1 USD$/m’LL, respectively. Operational costs
for COD, sCOD and color using Al electrodes were found to
be 5.01, 5.01 and 6.24 USD$/m’LL, respectively. The opera-
tional costs for COD, sCOD and color for Fe electrodes were
found to be 5.58, 0.93 and 0.28 USD$/m’LL, respectively.
Moreover, the theoretical hydrogen reuse at the cathode was
calculated based on Eq. (4) and found to be between 0.003
mole and 0.01 moles for both Al electrodes and Fe electrodes.

4. Conclusions

According to the results obtained in the studies with Al
electrodes, the highest COD and sCOD removal efficiencies
were obtained at pH values of 5, 62% and 51%, respectively.
The highest color removal efficiency was found to be 88%
for both types of electrodes at a pH = 11. Due to the high
cost of electricity, the reaction time for the EC process was
planned to be no more than 25 min and the pollutant removal
efficiencies achieved were not that high. EC treatment costs
have been investigated in this study, and the results showed
that operating costs were different for each electrode type.
Consequently, for the study conducted with aluminum elec-
trodes, the operational costs of the COD, sCOD and color
removal were calculated to be between 5.01 and 6.24 USD$/
m°LL. Moreover, in the study conducted with iron electrodes,
the operational costs of the COD, sCOD and color removal
were calculated to be between 0.28 and 5.58 USD$/m°LL.
ANOVA results revealed that the most effective parameter
was pH because it produced the highest contribution per-
centages for all three pollutants. Considering COD as the
most important pollutant in the leachate, the contribution of
independent variables to the process for Al and Fe electrodes
can be shown to be pH > current density > reaction time and
pH > reaction time > current density, respectively.
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