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ABSTRACT

In this paper, Taguchi method was applied to determine the optimum operating conditions
for textile wastewater treatment by electrocoagulation (EC) with iron electrodes. The
removal efficiency of chemical oxygen demand (COD) and turbidity was considered as the
performance parameters. L9 orthogonal array (OA, three factors in three levels) was selected
as the experimental design for three controllable parameters mentioned above. These
parameters that mainly affect the EC process were specified as initial pH, current density
and electrolysis time. Each parameter was examined at three levels using Taguchi method.
Performance analysis was followed by a variance analysis in order to determine the opti-
mum levels and relative magnitude of the effect of parameters. Taguchi’s “the larger the
better” performance formula was used. The optimum operating conditions in terms of COD
and turbidity were found to be initial pH of 7 and 8, current density of 150 A/m2 and elec-
trolysis time of 20 and 30min. At the optimum conditions, COD and turbidity removal effi-
ciencies were obtained as 42.2 and 99.1%, respectively. Operating costs of EC process for
COD and turbidity removals were calculated as 1.52 and 1.73 €/m3. Besides, the UV–Vis
spectrum was used to detect the changes in textile wastewater quality. In EC process, COD
concentration of treated effluent was above the permitted direct discharge limits. So, active
carbon was used to increase COD removal efficiency of EC process under the optimum
operational conditions. COD and turbidity removal efficiencies in the EC/activated carbon
(AC) process by adding 2,000 mg/l AC were 67.9 and 99.3%, respectively. Operation cost of
EC/AC process is calculated as 1.64 €/m3. Besides, the operation costs at different operating
conditions were also determined.

Keywords: Electrocoagulation; Taguchi method; Textile wastewater; Iron electrodes; COD
removal; Turbidity removal

1. Introduction

Textile wastewaters with high chemical oxygen
demand (COD) concentration, strong colour, high pH
and temperature and low biodegradability are one of

the significant pollutants for the environment [1,2].
Various physical, chemical and biological treatments
have been widely used to treat the textile wastewater.
Biological methods cannot be applied to most textile
wastewaters due to the toxicity of most commercial
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dyes to the organisms used in the process [3,4]. Chem-
ical coagulation is not effective for the removal of dis-
solved reactive dyestuff [5]. Activated carbon (AC)
adsorption has the associated cost and difficultly of
the regeneration process and a high disposal cost.
Advanced oxidation processes such as ozonation, UV
and ozone/UV, photocatalysis and Fenton oxidation
are not economically feasible [6,7]. Moreover, these
conventional methods are also usually expensive and
treatment efficiency is inadequate because of large var-
iability in composition of textile wastewaters [2].

In recent years, electrochemical treatment methods
such as electro-oxidation, electrocoagulation (EC) and
electroflotation have attracted increasing attention for
the treatment of various types of wastewaters. Electro-
chemical methods have been reported as a primary
technique for treatment of various wastewaters by vir-
tue of various benefits including environmental com-
patibility, versatility, energy efficiency, safety,
selectivity, amenability to automation and cost effec-
tiveness [2,8]. Electrochemical processes have some
advantages such as simple equipment, easy operation,
shortened retention time, rapid settling and decreased
amount in precipitate or sludge.

Electrochemical methods were frequently used for
treatment of wastewaters containing heavy metals
[9,10], foodstuff [11], wastewaters of oil industries
[12,13], textile industry [14,15], aqueous suspensions
of ultrafine particles [16], nitrate [17], iron [18], pheno-
lic compounds [19], arsenic and arsenate [20], refrac-
tory organic pollutants including lignin and EDTA
[21], landfill leachate [22,23] and liquid organic fertil-
izer [24]. On the other hand, AC adsorption process
has been used as an effective alternative technology
for wastewater treatment. Pollutants are generally
physically or chemically adsorbed onto the surface of
the adsorbent. AC still remains as the most effective
adsorbent. In several studies, combined adsorption
and EC processes were used to enhance removal of
pollutions and successful outcomes were obtained in
textile wastewater treatment [25,26], removal of chro-
mium from synthetic wastewater [27] and paper mill
wastewater treatment [28].

EC treatment of textile dye solutions and/or
wastewater was tested and fairly good removal
efficiencies of COD, turbidity, colour and dissolved
solids at varying operating conditions were obtained
[2,29–31].

Recently, the statistical experimental designs have
frequently been used in various fields of science, such
as chemistry, engineering, agriculture and biology. In
Taguchi method, experimental results are analysed to
find the best or the optimal conditions for the product
or the process. Besides keeping the experimental cost

at a minimum level, another advantage of Taguchi
method over the conventional experimental design
methods is that it minimizes the variation in product
response while keeping the mean response on target.
Optimum working conditions determined from the
laboratory work of Taguchi method can also be repro-
duced in the real production environment [32–35].

The present study was conducted to investigate
the optimum operating conditions of textile wastewa-
ter treatment by EC process with iron electrodes and
to determine the influence of the variables such as ini-
tial pH, current density and electrolysis time on treat-
ment efficiency. The experiments were carried out in
Taguchi orthogonal array (OA) experimental design
(larger is better) with three levels and three factors.
Besides, COD removal efficiencies with different
amounts of AC were also investigated.

1.1. Removal mechanisms of EC

EC processes consist of metallic hydroxide flocs
within the effluent to be cleaned through electrodisso-
lution of soluble anodes. Aluminium and iron are the
common electrode materials of EC. EC has three
important processes: (1) electrolytic reaction at the sur-
face of electrodes, (2) formation of coagulants in the
aqueous phase and (3) adsorption of soluble or colloi-
dal pollutants on coagulants and removal by sedimen-
tation or floatation.

When the iron electrodes are used, the generated
Fe3+ ions will immediately undergo further spontane-
ous reactions to produce corresponding hydroxides
and/or polyhydroxides. For instance, ferric ions
generated by electrochemical oxidation of iron
electrode may form monomeric ions, Fe(OH)3 and
hydroxyl complexes namely: FeðH2OÞ2þ6 , Fe(H2O)2+,
Fe(H2O)4(OH)2+, Fe2ðH2OÞ8ðOHÞ4þ2 and Fe2ðH2OÞ6
ðOHÞ4þ4 . Formation of these complexes depends
strongly on solution pH [15,36]. Above pH > 9,
Al(OH)4− and Fe(OH)4− are the dominant species.

When iron is used as electrode material, two mech-
anisms have been proposed for the production of
Fe(OH)n, where n = 2 or 3 [12,36].

FeðsÞ ! Fe2þðaqÞ þ 2e�ðanodeÞ (1)

Fe2þðaqÞ þ 2OH�ðaqÞ ! FeðOHÞ2ðsÞ (2)

2H2OðIÞ þ 2e� ! H2ðgÞ þ 2OH�ðaqÞðcathodeÞ (3)

FeðsÞ þ 2H2OðIÞ ! FeðOHÞ2ðsÞ þH2ðgÞðin solutionÞ (4)
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2FeðsÞ þ 5H2OðIÞ þ O2ðgÞ ! 2FeðOHÞ3ðsÞ
þ 2H2ðgÞðin solutionÞ (5)

2. Materials and methods

2.1. Wastewater source and characteristics

The wastewater samples were obtained from a tex-
tile factory in Cerkezkoy (Turkey). The factory has
approximately 2,000 m3 of wastewater per day, has
dyeing and finishing processes. Factory wastewater is
directly discharged together with factory municipal
wastewater.

The characteristics of wastewater used in the
experiments are provided in Table 1.

2.2. EC reactor

The experimental set-up for the EC reactor was
reported elsewhere [37]. The schematic diagram of
electrochemical reactor is shown in Fig. 1. The EC
reactor was made of Plexiglas with dimensions of
130 × 100 × 100 mm. Four plate electrodes (two anodes
and two cathodes) with dimensions of 50 × 70 × 2 mm
(purity ≥ 99.5%) were used in the study. The total
effective electrode area was 210 cm2 and the spacing
between electrodes was 20 mm. The electrodes were
connected to a digital DC power supply (Alpha 10A-
50 V DC power supply) in monopolar-parallel mode.

2.3. Experimental procedure

The chemicals (AC, sodium hydroxide (NaOH)
and hydrochloric acid (HCl)) were obtained from
Merck. All of the experiments were carried out with
1,000 ml of wastewater at room temperature and
250 rpm mixing rate was used. Before each run, the
wastewater was filtered through a filter paper having
coarse pore sizes in order to get a homogenized
particle size distribution in the sample. In the EC/AC

process, a desired amount of AC was added to the
electrolytic reactor before electrical current density
was turned on.

Electrodes were washed for 2 min by mixing with
HCl and hexamethylenetetramine solutions after EC
experiments. The electrodes were then rinsed through
distilled water, dried, weighted and placed into the
reactor. Then, again a filtration procedure was applied
in order to eliminate a potential additional removal
effect of filter paper, and chemical analyses were car-
ried out. All investigated variables and their levels for
EC are provided in Table 2.

The percentage removal efficiency of COD and tur-
bidity was calculated using the following equation,
Eq. (6).

Percentage removal efficiencyð%Þ ¼ C0 � Cð Þ
C0

� �
� 100

(6)

where C0 is the initial concentration and C is the final
concentration of the pollutant (mg/l and NTU).

2.4. Analytical technique

COD, Biological oxygen demand (BOD) and Total
solids (TS) were determined according to standard
methods [38]. In all experiments, chemicals with ana-
lytic grade were used, 0.45 μm filter paper (Whatman,
47 mm) was used for TS measurements. COD of sam-
ples was determined using closed-reflux method. The
pH, electrical conductivity and turbidity were mea-
sured using a pH metre (consort model C931), a WTW
Model 340i conductivity metre and a HF model Micro
TPI turbidimeter, respectively. The pH was adjusted
by adding NaOH or HCl.

2.5. Operation cost

The operating cost is one of the most important
parameters in the EC process because it effects the
implementation of any method of wastewater treat-
ment. The operating cost includes material (mainly elec-
trodes) cost, electrical energy cost, as well as labour,
maintenance and other costs. The latter costs items are
largely independent on the electrode material [39–41].
Thus, in this study, the operating cost included only the
costs of electrodes, electrical energy and chemicals.
Calculation of operating cost is expressed as:

Operating Cost ¼ A Energyconsumption

þ B Electrodeconsumption

þ C Chemicalconsumption

Table 1
Characteristics of wastewater used in the experiments

Parameter Value Discharge limit

pH 10.3 6–9
COD (mg/l) 780 250
BOD (mg/l) 375 –
Total solids (mg/l) 4,850 100
Conductivity (mS/cm) 10.34 –
Turbidity (NTU) 125 –
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where energy consumption and electrode consump-
tion are consumption quantities per m3 of wastewater
treated. Unit prices, A, B and C, given for the Turkish
Market, September 2013, are as follows: electrical
energy price 0.072 €/kWh, electrode material price
0.85 €/kg for iron and chemical costs 0.73 €/kg for
NaOH, 0.29 €/kg H2SO4 and 60 €/kg AC.

The electrode ad energy consumptions in the EC
process were calculated using the following equations:

Energyconsumption ¼
ðV � I � tÞ

m
(7)

where Energyconsumption is the energy consumption
(kWh/m3), V is the voltage (Volts), I is the current
(Amperes), t is the EC time (s) and v is the volume of
the treated wastewater (m3). According to Faraday’s
laws, electrode material consumption and charge load-
ing are calculated with the following equations;

Faraday

m3
¼ ðI � tÞ

ðF � vÞ (8)

Electrodeconsumption ¼ ðI � t �MwÞ
ðz � F � vÞ (9)

where F is the Faraday’s constant (96,485 C/mol), Mw

is the molar mass of iron (56 g/mol) and z is the
number of electron transfer (zFe:2).

2.6 Statistical analysis

The variables chosen for this investigation are
initial pH, current density and EC time. The Taguchi
OA experimental design (L9(3

3) for three parameters
each of with three values) was selected as the most
suitable method for the experimental design. The
experimental variables, their levels and results of con-
ducted experiments are provided in Table 3.

In Taguchi robust design, the signal-to-noise (S/
N) ratio is used to monitor the performance mea-
surements. The highest S/N ratios are the most pre-
ferred. Taguchi proposed more than 60 S/N ratios to
be used in particular applications. The frequently
used S/N ratio functions are “smaller is better”, “lar-
ger is better” and “nominal is better”. In general, a
better signal is obtained when the noise is smaller,
so a larger S/N ratio yields better final outcomes.
“Larger is better” means that the desired output
value for the optimized process is the maximum. In
this situation, the S/N ratio can be calculated from
(Eq. 10). According to the “smaller is better” situa-
tion, the desired value for the result of the process
is the minimum. The S/N ratio for this situation can
be calculated from Eq. (11). In the “nominal is best”
situation, the desired response variable of optimized
process is a nominal value. The performance charac-
teristics were chosen as the optimization criteria.
The “larger is better” was used to evaluate the sys-
tem performance based on COD and turbidity
removal efficiencies.

Fig. 1. Schematic diagram of experimental set-up.

Table 2
Operating factors and their levels

Factors L1 L2 L3

A: Initial pH 7 8 9
B: Current density 75 100 150
C: Electrolysis time 10 20 30
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Larger is better:

S=N ¼ �10 log10
1

n

Xn
i:1

1

Yi

2
 !

(10)

Smaller is better:

S=N ¼ �10 log10
1

n

Xn
i:1

Yi
2

 !
(11)

where n is the number of repetition done for an exper-
imental combination and Yi is the performance value
of ith experiment. In Taguchi method, the experiment
corresponding to optimum working conditions might
not have been done during the whole period of the
experimental stage. In such cases, the performance
value corresponding to optimum working conditions
can be predicted by utilizing the balanced characteris-
tic of OA. For this, the additive model may be used
[31,42].

Yi ¼ lþ Xi þ ei (12)

where μ is the overall mean of performance value, Xi

is the fixed effect of the parameter level combination
used in ith experiment and ei is the random error in
ith experiment. Because Eq. (12) is a point estimation,
which is calculated using experimental data in order
to determine whether results of the confirmation
experiments are meaningful or not, the confidence
interval must be evaluated. The confidence interval at
a chosen error level may be calculated by [43].

Yi �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fa;1;DFMSe

q
MSe

1þm

N
þ 1

ni

� �
(13)

where F is the value of F-table, α is the error level,
DFMSe is the degrees of freedom of mean square error,
m is the degrees of freedom used in the prediction of
Yi, N is the number of total experiments and ni is the
number of repetitions in the confirmation experiment.
If experimental results are in percentage (%) before
evaluating Eqs. (12) and (13), Ω transformation of per-
centage values should be applied first using the fol-
lowing equation. Values of interest are then later
determined by carrying out reverse transformation
using the same equation [31,44].

XðdbÞ ¼ �10 log
1

P
� 1

� �
(14)
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where Ω(db) is the decibel value of the percentage
value subjected to omega transformation and P is the
percentage of the product obtained experimentally.

The order of the experiments was obtained by
inserting parameters into columns of OA and L3 (33)
was chosen as the experimental plan as given in
Table 3. The order of experiments was made random
in order to avoid noise sources which had not been
considered initially and could occur during an experi-
ment and affect results in a negative way.

3. Results and discussion

3.1. Optimum parametric levels

Experimental results of Taguchi model and inter-
vals of variables are provided in Table 3. During the
study, all of the experimental analysis carried out for
both COD and turbidity results were performed in
two repetitions.

The data collected from the experiments were ana-
lysed using the MINITAB (Trial Edition) software to
assess the effect of each parameter on the optimization
criterion. The obtained results are shown in Figs. 2
and 3. The numerical value of the maximum point in
each graph shows the best value of that particular
parameter (Table 3) and indicates the optimum condi-
tions within the range of experimental conditions.

UV–vis scan results for EC process at different
experimental conditions (experiments 1–9) are shown
in Fig. 4. There was some pollution removal observed
for EC process and the contaminations with strong
adsorption peaks (between 200 and 400 nm) were
removed by EC process. The lowest peak of the
effluent was observed in experiment 3.

3.2. Effect of initial pH on EC process

The pH is an important parameter effecting
removal efficiency of EC process [2,8]. To determine
the effects of initial pH values on textile wastewater
treatment efficiencies, the experiments provided in
Table 3 were conducted. The effects of all performance
criteria on COD removal efficiency were shown Fig. 2.
The optimum pH value was seven (first level) for the
best COD removal efficiency. The COD removal effi-
ciencies slightly decreased as the initial pH increased
from 7 to 9 (Fig. 2).

For turbidity removal, the best turbidity removal
efficiency was obtained at a pH of 8 (second level).
The initial pH values over 8 did not affect turbidity
removal significantly.

3.3. Effect of current density on EC process

Current density is another important parameter on
pollutant removal efficiency of EC process. Current
density effects the metal hydroxide concentration
formed and control the reaction rate during the pro-
cess. Current density, especially, determines the coag-
ulant dosage and bubble production, and hence affects
the growth of flocs.

Effects of current density on textile wastewater
treatment efficiency of EC process were studied in the
range of 75–150 A/m2. It is clear from Fig. 2 that
increasing current densities did not increase COD
removal efficiencies as it would be expected. Fig. 3
presents increasing turbidity removal efficiencies with
increasing current densities. The best turbidity
removal was obtained at level 3 (150 A/m2).

3.4. Effect of electrolysis time on EC process

Electrolysis time is an important parameter with
significant influences on EC process. Formation and
amount of metal hydroxides play an important role in
the removal of pollutants and such parameters are
time-dependent parameters. Effect of electrolysis time
on performance of EC process was investigated
between 10 and 30 min.

As seen in Figs. 2 and 3, the removal efficiencies of
COD increased with increasing operation time, but
such an increase regressed after 20 min because of
cathode reduction and formation of new electrocoagu-
lant flocs. Effect of EC operation time was also
investigated as another performance parameter. The
highest turbidity removal efficiency was obtained at
parametric level 3 (30 min).

3.5. Contribution ratios and statistical analysis

ANOVA was conducted to determine whether the
process parameters were significant. The results are
provided in Tables 4 and 5. As in the S/N ratio analy-
sis, it is evident from Tables 4 and 5 that the signifi-
cance of the factors prevails in the following order of
importance: Initial pH > electrolysis time > current
density for COD efficiencies and Initial pH > current
density > electrolysis time for turbidity removal effi-
ciencies. Firstly, in order to test the predicted results,
confirmation experiments were carried out once at the
same working conditions. Thus, some confirmation
runs including the optimum working conditions were
also made and presented in Table 6. Using Eq. (12), the
Ω transformation was applied to the estimated results
(predicted) to be able to express as a percentage of the
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results given in Table 6. Moreover, contribution ratios
(Cr) of each factor effecting COD and turbidity
removal were determined (Tables 4 and 5).

According to Taguchi, the use of the F ratios in an
ANOVA analysis is only helpful for the qualitative
evaluation of whether factorial effects exist. For quan-

titative evaluation, this is something that can be
achieved through the use of a Cr. The Cr of a main
factor effect is its contribution (in percentage terms) to
total variability of the experimental results [31,35]. The
Cr can be achieved by dividing the source’s net
variation by SStotal (Eq. 15):

Fig. 2. The effect of each parameter on COD removal.

Fig. 3. The effect of each parameter on turbidity removal.

Fig. 4. Absorbance spectra of experiment effluents in EC process.
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Cr ¼ SS� ðDOF�MSErrorÞ
SStotal

(15)

The initial pH had the highest contributions to the
variability of the experimental results. Contribution
ratios on COD and turbidity were obtained as 87.06
and 44.3, respectively. For operation time, contribution
ratios were 11.65 and 24.4, respectively. Current den-
sity had the lowest contribution ratios for COD but
this contribution ratio for turbidity efficiencies was
calculated as 25.5.

3.6. EC/AC process

The present results revealed that COD concentra-
tion of treated effluent was above the permitted
direct-discharge limits (for COD 250 mg/l). So, AC
was used to increase COD removal efficiency of EC
process under the optimum operational conditions

Fig. 5. Effect of AC on COD and turbidity removal efficiencies of the EC process.

Table 4
Results of ANOVA for COD efficiencies

Source SS DOF MS F Cr

Initial pH 425.609 2 212.804 611.90 87.06
Current density 5.576 2 2.788 8.02 1.14
Electrolysis time 56.976 2 28.488 81.91 11.65
Error 0.696 2 0.348 – 0.15

Total 488.856 8 – – 100

Note: SS: sum of squares; DOF: degree of freedom; Cr: percent

contribution.

Table 5
Results of ANOVA for turbidity efficiencies

Source SS DOF MS F Cr

Initial pH 1419.3 2 709.6 3.10 44.3
Current density 836.7 2 418.3 1.83 25.5
Electrolysis time 801.5 2 400.8 1.75 24.4
Error 45.6 2 22.8 – 5.8

Total 3103.1 8 – – 100

Note: SS: sum of squares; DOF: degree of freedom; Cr: percent

contribution.

Table 6
Optimum experimental conditions predicted and observed
removal efficiencies values

Parameter

COD removal
optimal
setting of
process

Turbidity
removal
optimal
setting of
process

Value Level Value Level

Initial pH (A) 7 1 2 8
Current density (B) 150 3 3 150
Electrolysis time (C) 20 2 3 30
COD removal
Observed (%) 42.241.3 98.1
Predicted (%) –a

Turbidity removal
Observed (%) 30.6 99.1
Predicted (%) –a 99.5
Confidence (%) 39.2–43.4 98.1–100
Operating Cost (€/m3) 1.52 1.73

aunpredictable.
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(for COD parameter: pH 7, 150 A/m2 and 20 min
operation time). Effects of AC on textile wastewater
treatment efficiencies were studied in the range of
500–3,000 mg/L. As can be seen in Fig. 5, the highest
COD removal efficiency (67.9% and 241 mg/l) was
obtained from 2000 mg/L AC. Turbidity removal effi-
ciency of the same treatment was 99.3%. Besides, the
UV–Vis spectrum was used to detect the changes of
textile wastewater quality. The results of absorbance
spectra (190–1100 nm) of EC/AC and EC process are
presented in Fig. 6. It was found that the contamina-
tions with strong absorption peaks between 200–
400 nm were removed by EC and EC/AC processes.
There was some adsorption of contamination observed
between 200 and 390 nm for EC/AC process (Fig. 6).
Moreover, the colour spectrum bands (400–700 nm) of
textile wastewater degraded uniformly during EC and

EC/AC processes. As seen in Fig. 7, the EC/AC pro-
cess was fairly effective on the removal of colour. Sim-
ilarly, Bellebia et al., investigated the removal of COD
and Turbidity by combined EC and adsorption pro-
cesses. In the EC process using iron and aluminium
electrodes, COD removal efficiencies were obtained as
75.37% for Al and 78.76% for iron electrodes in 10 min
operation time. In the same study, COD removal effi-
ciencies by combined EC and adsorption processes
were found to be 98.97% for aluminium at 120 min
and 93.37% for iron at 180 min [28]. Narayanan and
Ganesan investigated the removal of chromium from
synthetic wastewater by EC and found EC and
adsorption processes feasible. Researchers observed
increased Cr removal with increasing adsorbent con-
centrations and obtained Cr levels compatible with
discharge limits [27].

Fig. 6. Absorbance spectra of EC/AC and EC processes.

Fig. 7. Raw wastewater and effluent of EC and EC/AC processes.
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4. Conclusions

In this study, an orthogonal Taguchi L9 (33) array
was employed to investigate the significance of EC
parameters on COD and turbidity removal efficiencies.
According to current results, the following conclusions
were drawn: The initial pH was the most significant
factor on COD and turbidity and its contribution ratio
was 87.06 and 44.3%, respectively. The second most
significant factor for COD is the electrolysis time and
its contribution ratio was 11.63%. For turbidity, cur-
rent density is the second signification factor and its
contribution ratio was 25.5. Finally, the least effective
process factor for COD was the current density and
the least effective factor for turbidity was the electroly-
sis time. As a result of the statistical treatment, for
COD removal, the defined set of optimal conditions
was: Initial pH: 7, current density: 150 A/m2 and elec-
trolysis time: 20 min. On the other hand, for turbidity
removal, optimal conditions were obtained as: initial
pH: 8, current density: 150 A/m2 and electrolysis time:
30 min. Operating cost of EC process for COD and
turbidity were calculated as 1.52 and 1.73 €/m3,
respectively. In the EC/AC process, COD removal effi-
ciency and operation cost of 2,000 mg/l AC treatment
were obtained as 67.9% (241 mg/l) and calculated as
1.64 €/m3, respectively.
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