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Abstract−Reactive dyestuff is commonly used in the textile industry. Reactive dyebath wastewater (RDW) was
treated with a batch, monopolar, parallel lab scale electrocoagulation process (EC) having 0.042 m2 effective electrode
area. The effects of process parameters, such as initial pH, current density and electrolysis period on COD and color
removal efficiency, were investigated by using response surface methodology (RSM). At the optimal conditions, 85.8%
color and 76.9% COD removal were obtained with 1.84 €/m3 operating cost for Al electrode, while 92.0% decoloriza-
tion and 80.9% COD removal were obtained with 1.56 €/m3 operating cost for an iron electrode. The iron electrode
was found superior to aluminum as a sacrificial anode material in terms of COD and color removal with low cost. The
cost of electrical energy, electrode, and chemical consumptions for electrocoagulation were considered to find an opti-
mum and feasible solution. As a result, the operating cost consists of approximately 2% for energy, 28% for electrode
and 70% for chemical consumption for both electrodes. Based upon the data, it is clearly seen that operating cost cov-
ers mostly for HCI to adjust pH due to the high pH and alkalinity of RDW, which was neglected in many studies. The
first-order reaction kinetics with a higher slope for the color were well fitted, resulting in faster color removal than that
of COD for both electrodes.
Keywords: Electrocoagulation, Kinetic, Optimization, Operating Cost, Reactive Dye

INTRODUCTION

The textile industry is characterized by intensive water consump-
tion and wastewater generation [1]. Textile wastewater composi-
tion and discharge into the receiving water body has become a
global problem both environmentally and aesthetically [2]. Colored
effluents have shown toxic effects for aquatic organisms and de-
crease the light permeability of the aquatic environment and nega-
tively affect natural photosynthetic activity [3-5]. Reactive dyes are
widely used for cotton fabric in the textile industry. Reactive dye-
ing process has some negative aspects, such as low fixation effi-
ciency (20-40%) and intensive water usage in the washing process
[6,7]. Performing the dyeing process expediently with the desired
removal efficiency is possible by adding some dye auxiliary chemi-
cals, which makes difficult the treatment [8].

There are many studies on decolorization and COD from tex-
tile wastewater using treatment methods such as biological pro-
cesses [9-11], chemical coagulation [12,13], electrocoagulation [14-
16], membrane filtration [17,18], adsorption [19,20] and advanced
oxidation processes [21-23]. Conventional methods cannot be used
with confidence because they are limited due to complex wastewa-
ter character and strict discharge limit by the reason of regulation
in legislation. Technically applicable, economical sustainable meth-

ods and their optimizing the operating conditions have gained huge
importance for solving environmental problems arising from tex-
tile wastewater in recent years. As a result, the electrocoagulation
process, which is as an alternative treatment method, has become
widespread. Many researchers reported that the electrocoagulation
process was applied successfully for industrial wastewater such as
textile [24], paper [25], olive oil [26], dairy [27], tannery [28], slaugh-
terhouse [29], and metal plating [30,31].

Metal ions formed by dissolution of the anode electrode (alu-
minum or iron) react with OH- ions formed at the cathode elec-
trode thus metal hydroxides which are insoluble and have a very
high adsorption capacity. In this process, pollutants can be removed
by a combination of coagulation, adsorption, flotation, and precip-
itation [32]. Iron and aluminum electrodes are constituted preva-
lently due to being cheap, easily accessible and having proven ap-
plicability [33]. Electrocoagulation process can be designed either
horizontally or vertically according to the way where the electrode
plates are placed, as single-pole parallel, single-pole series and bipo-
lar as to the connection type [34-38]. pH, current density and effi-
ciency, electrode connection type, electrode material, inner-electrode
distance, temperature, and electrolysis time become important fac-
tors on process efficiency to reveal the pollutant removal mecha-
nism at electrocoagulation process [29,39-41].

Metal hydroxide types, which occur in the electrocoagulation
process and play an important role in pollutant removal, and floc
load case (positive in acidic conditions, negative in alkali condi-
tions) change according to medium pH [42]. In the electrocoagu-
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lation process, the medium pH is a continuous variable during
treatment. Thus, the initial pH value must be controlled and should
be adjusted if necessary [43].

Solved metal ion amounts (metal flocs) are controlled by applied
current and electrolysis time via Faraday law. If the potential is suf-
ficiently high in the galvanic cell, secondary reactions may occur
at the anode surface [44]. If the electrolysis time is high more than
necessary, additional treatment cost and increased in produced
sludge will be observed in electrocoagulation cell [45].

Most of the studies focus on the traditional approach to opti-
mize the treatment process by using electrocoagulation [29,46,47].
This approach does not consider the cross effects of independent
variables and it is time-consuming, which leads to poor optimiza-
tion [48]. The optimization of operating conditions is of great im-
portance in terms of sustainability and producing economical solu-
tions. RSM is an applicable statistical method to optimize color
removal from textile wastewater. A combination of mathematical
and statistical techniques was developed to produce an adequate
relation between dependent and independent variables with a lim-
ited experimental run [49-52]. Analysis of variance (ANOVA) is
used to determine the significance of the independent process
variables and the adequacy of the models.

There are many previous studies on dye removal of textile waste-
waters by EC; however, limited research is available about the effect
of dyeing auxiliaries on EC performance. In addition, the determi-
nation of the total operating cost considering the cost of acid con-
sumption for pH adjustment is very important, when textile waste-
water is produced by reactive dyeing due to its alkaline character-
istic. The objective of this study was to find optimum conditions
to remove color and COD from RDW with cost-effective approach
using RSM.

MATERIALS AND METHODS

1. Reactive Dyebath Wastewater (RDW)
The reactive dyes and auxiliary chemicals used in this study were

supplied from a local factory that manufactures integrated textiles.
The simulated reactive dyebath wastewater (RDW) was prepared
daily based on the cotton fiber dyeing procedure of the textile plant,
including three reactive dyes and auxiliary chemicals such as NaCI,
Na2CO3, sequestering and anti-creasing agents.

20% of the dyestuffs and 100% of dye auxiliaries is considered
to remain in the exhausted RDW [53]. Therefore, a mixture of
dyestuffs and dye auxiliaries was dissolved in deionized water and

boiled for 3 h. Later on, the mixture was cooled to room tempera-
ture for overnight. Chemical components and quantities used for
preparation simulated RDW and wastewater characteristics are
summarized in Table 1.
2. Experimental Setup and Procedure

Experimental studies were carried out on a 30 cm high, 10 cm
diameter cylindrical EC reactor made of polyethylene with an effec-
tive volume of 2.5 L at room temperature. Four parallel monopo-
lar electrodes (aluminum or iron) with an active surface area of
0.042 cm2 were placed vertically at a distance of 5 mm in the reac-
tor. The current and voltage control is provided by a digital DC
power supply (0-30 V, 0-10 A, EA Elektro-Automatic) (Fig. 1) [54].

EC was operated in a fed-batch mode. Appropriate electrodes
(aluminum or iron) were placed in the EC unit and then 2.5 L of
RDW, of which initial pH was adjusted to the desired value by
using HCI and NaOH, was fed to the EC unit via the peristaltic
pump. Aqueous phase in the EC reactor was stirred at 200 rpm.

After each run, samples were taken from the supernatant to moni-
tor color and COD removal efficiencies. Samples settled down for
30 min and passed through glass fiber filters (pore size 0.45µm).
To determine mass lost for electrode consumption, electrodes were
washed and cleaned based on the procedure of published previous
studies [14,24].

Table 1. Chemical composition of the simulated RDW and its characteristics
Ingredients RDW characteristics

Reactive Red 195 (RR 195) mg/L 50 Color 436 nm cm−1 0.807 (±0.04)
Reactive Yellow 145 (RY 145) 42 525 nm 1.268 (±0.07)
Reactive Blue 221 (RB 221) 77 620 nm 0.932 (±0.05)
Sequestering Agent g/L 0.60 COD mg/L 416 (±12)
Anti-creasing Agent 0.25 Chloride 16 772 (±124)
Sodium Chloride 30.00 Alkalinity mg/L CaCO3 14 915 (±163)
Sodium Carbonate 15.00 pH - 11.39 (±0.07)

Fig. 1. Schematic view of experimental setup.
1. Feeding tank 6. DC power supply
2. Peristaltic pump 7. PLC
3. EC 8. Multi-parameter sensors
4. Magnetic stirrer 9. Acid/base dosing pumps
5. Sedimentation
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3. Experimental Design
Design Expert 8.0.6 software was applied for the experimental

design and data analysis. In the present study, the three most im-
portant operating variables such as initial pH, current density (CD,
A/m2) and electrolysis time (t, min) were optimized. Eight-star points
(α=±1), six axial points (α=±1.68) and three replicates at the cen-
ter point (α=0) were chosen as experimental points for the opti-
mization of EC used for the color and COD removal efficiencies
(Table 2). The ranges of experimental variables were determined
based on preliminary experimental studies and the values given in
the literature [55-57].

Central composite design (CCD) was used to demonstrate the
relationship between the controllable input variables and responses.
Chosen responses were obtained from the lowest-order polyno-
mial models based on result of the runs. For evaluation of experi-
mental data, the response variable was fitted by a second-order
quadratic polynomial model given in Eq. (1).

(1)

where a0, ai, aii, aij represent the constant, linear, quadratic and
interaction coefficient; xi and xj represent the independent coded
varibles and ε is the random error.
4. Analytical Procedure

Analytical grade chemicals were used in this study except dye
auxiliary and dyestuffs. pH was measured by a pH meter (WTW
340i) based on ISO 10523. Decolorization was determined based
on absorbance measurements. The color was measured according
to standards of European Norm EN ISO 7887 using a UV/Vis
spectrophotometer (Hach Lange DR 5000 model UV-Vis) having
a path length of 10 mm quartz cuvettes at three wavelengths repre-
senting yellow (436 nm), red (525 nm) and blue (620 nm) color.
The COD analysis was based on the German Standard (DIN 38
409, H 41-2) due to the high chloride content of the treated sam-
ples. This method is mandatory to remove chloride interference
by using HCI absorber. Measurements of alkalinity and chloride
ion concentrations were also performed by the standard methods
according to (SM 2320 B) and (SM 4500-CI- B), respectively.
5. Kinetic Assessment

The samples were taken from the EC at specified time intervals
to follow changes in color and COD removal efficiencies for kinetic
studies at optimum conditions. The substrate (COD and color) re-
moval rate can be expressed as a first-order kinetic model accord-
ing to Eq. (2) [7].

(2)

where Ct remaining COD (mgL−1) or color (absorbance, cm−1) at
any electrolysis time t (min) and k is kinetic constant (min−1).
According to the Eq. (2), a plot of ln(C0/C) against t will give a
straight line with a slope of k.
6. Operating Cost

The total operating cost of treated RDW can be calculated by
considering three parameters (energy, electrode material, and chem-
ical consumption) as a major cost component by using Eq. (3) [2].

Operating Cost=α·CEnergy+β ·CElectrode+γ ·CChemical (3)

where CEnergy, CElectrode and CChemical is energy, electrode and the chemi-
cal consumption, respectively. α is cost of the electrical energy (0.072
€/kW.h) [58], β is cost of the electrode materials (1.65 €/kg for Al
and 0.85 €/kg for Fe) [59], and γ is the cost of the chemical (0.05 €/
L for HCI) according to the Turkish market [60].

Energy consumption (CEnergy) was determined using Eq. (4) [61],

(4)

where CEnergy, I, U, t, and V is the energy consumption (kWh/m3),
the current (A), the potential (V), the electrolysis time (h) and the
volume of treated wastewater (m3), respectively.

CElectrode is determined by measuring the weight loss of the elec-
trodes because theoretical dissolution is not an actual situation.
Actual weight loss changes were based on process dynamics and
reactions on the anode surface. The current efficiency was deter-
mined based on a previous study [43] (Table 3). C Chemical is cal-
culated based on the cost of acid (HCI) consumption during the
pH adjustment.

RESULTS AND DISCUSSION

1. Model Fitting and Validation
To determine the combined effect of process variables such as ini-

tial pH, current density and time on COD and color removal effi-
ciencies, experiments were conducted for different combinations
of these independent variables by using CCD design to reduce the
number of experiments. A total of 17 experiments for each pair of
aluminum and iron electrodes were performed as Table 3. The ex-
periments were performed in a random order to avoid systematic
error.

The experimental findings obtained from CCD were evaluated
by ANOVA in the confidence level of 95% to check the fitting of
the experimental values to the predicted ones. The order of the
polynomial model should be kept as low as possible. A second-

Y =  ai + Σi=1
n aixi +  Σi=1

n aiixi
2

 +  Σi j<
n
Σj

naixixj +  ε

dCt

dt
-------- = −  kCt

CEnergy = 
U I t⋅ ⋅

V
-------------

Table 2. The process variables, their coded levels and actual values

Variables Code
Coded levels 

−1.68 (−α) −1 0 1 1.68 (+α)
Actual values

pH X1
3.3 (Al)
4.0 (Fe)

4.0 (Al)
5.0 (Fe)

5.0 (Al)
6.5 (Fe)

6.0 (Al)
8.0 (Fe)

6.7 (Al)
9.0 (Fe)

Current Density (A/m2) X2 29.7 45 67.5 90 105.3
Electrolysis Time (min) X3 04.8 15 30.0 45 055.2
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order polynomial equation was fitted to CCD model. The fitted
regression models obtained in terms of coded factors are used to
investigate the effects of process variables on the EC. The non-sig-
nificant terms are excluded by backward elimination procedure
and only statistically significant terms were used in the models.
The proposed models are presented in Eqs. (5) and (6) for the Al
electrode and Eqs. (7) and (8) for Fe electrode:

Y1, CR525 nm=+87.31−10.41x1+4.70x2+6.50x3−12.91x1
2
−3.85x2

2
−6.73x3

2 (5)

Y2, COD=+77.62+1.77x1+2.09x2+4.24x3−7.34x1
2
−1.86x2

2
−3.13x3

2 (6)

Table 3. The coded design of experiments and actual responses for EC using Al and Fe electrodes

Run

Variables Response for Al electrodes Response for iron electrodes

X1 X2 X3
CR λ525

(%)
COD
(%)

CE
(%)

CEnergy

(€/m3)
CElectrode

(€/m3)
CChemical

(€/m3)

Total
cost

(€/m3)

CR λ525

(%)
COD
(%)

CE
(%)

CEnergy

(€/m3)
CElectrode

(€/m3)
CChemical

(€/m3)

Total
cost

(€/m3)
01 −1 −1 −1 65.69 58.6 169 0.01 0.22 1.34 1.57 74.6 74.3 104 0.01 0.18 1.10 1.29
02 −1 −1 −1 39.67 60.1 142 0.01 0.19 1.18 1.38 61.7 62.5 104 0.01 0.18 0.88 1.07
03 −1 −1 −1 69.95 61.7 162 0.03 0.42 1.34 1.79 81.2 78.4 107 0.03 0.37 1.30 1.70
04 −1 −1 −1 51.18 63.2 140 0.03 0.37 1.18 1.58 73.5 68.3 105 0.03 0.36 0.88 1.27
05 −1 −1 −1 70.27 64.8 161 0.04 0.63 1.34 2.01 83.5 81.5 107 0.03 0.55 1.30 1.88
06 −1 −1 −1 47.32 67.5 140 0.04 0.55 1.18 1.77 76.3 67.3 098 0.03 0.50 0.88 1.41
07 −1 −1 −1 83.04 68.6 159 0.09 1.26 1.34 2.69 86.4 82.2 105 0.08 1.08 1.30 2.46
08 −1 −1 −1 68.45 71.8 144 0.09 1.10 1.18 2.37 80.7 69.5 101 0.08 1.03 0.88 2.00
09 −1.68 −0 −0 71.21 53.4 182 0.04 0.70 1.36 2.10 67.8 70.9 103 0.04 0.53 1.36 1.93
10 −1.68 −0 −0 35.65 62.5 136 0.04 0.53 1.06 1.63 58.4 57.7 107 0.04 0.53 0.66 1.23
11 −0 −1.68 −0 74.76 69.2 152 0.01 026 1.30 1.57 82.8 78.4 114 0.01 0.26 1.10 1.37
12 −0 −1.68 −0 83.36 77.7 156 0.08 0,96 1.18 2.22 92.6 84.9 102 0.07 0.81 1.10 1.98
13 −0 −0 −1.68 57.18 61.3 155 0.01 0.10 1.30 1.41 71.2 66.3 106 0.01 0.09 1.10 1.19
14 −0 −0 −1.68 84.62 78.4 147 0.08 1.08 1.30 2.45 95.1 82.4 098 0.07 0.92 1.10 2.09
15 −0 −0 −0 84.35 76.2 146 0.04 0.57 1.30 1.91 92.4 82.0 108 0.04 0.55 1.10 1.69
16 −0 −0 −0 88.25 78.2 151 0.04 0.58 1.30 1.92 95.4 80.5 107 0.04 0.55 1.10 1.68
17 −0 −0 −0 88.41 78.1 153 0.04 0.61 1.30 1.95 93.6 80.5 103 0.04 0.53 1.10 1.67

CR λ525: Color removal at 525 nm; CE: Current efficiency; CEnergy: Electrical consumption; CElectrode: Electrode consumption; CChemical: Chemi-
cal consumption

Table 4. ANOVA results for response parameters for Al and Fe electrodes
Response Elc R2 R2

adj Pred-R2 SD CV PRESS F-value Prob>F AP
CR λ525 (%)

Al

0.95 0.92 0.82 4.79 7.01 838.71 31.51 <0.0001 17.56
COD (%) 0.97 0.95 0.86 1.81 2.68 143.11 49.08 <0.0001 20.38
CEnergy (€/m3) 0.99 0.99 0.99 0.0008 1.80 0.0000 4873.60 <0.0001 205.77
CElectrode (€/m3) 0.99 0.99 0.99 0.0212 3.55 0.0136 815.09 <0.0001 91.27
CChemical (€/m3) 0.96 0.94 0.82 0.0207 1.64 0.0210 65.37 <0.0001 25.13
Total cost (€/m3) 0.99 0.99 0.99 0.0339 1.78 0.0292 483.52 <0.0001 70.10
CR λ525 (%)

Fe

0.97 0.95 0.90 2.54 3.15 207.96 53.70 <0.0001 22.52
COD (%) 0.95 0.93 0.82 2.18 2.92 193.73 42.50 <0.0001 22.06
CEnergy (€/m3) 0.99 0.99 0.99 0.0006 1.49 0.000 7166.00 <0.0001 250.26
CElectrode (€/m3) 0.99 0.99 0.99 0.0216 4.07 0.0120 971.60 <0.0001 90.10
CChemical (€/m3) 0.92 0.91 0.89 0.055 5.12 0.0639 171.10 <0.0001 34.71
Total cost (€/m3) 0.98 0.97 0.95 0.06 3.78 0.1070 149.87 <0.0001 41.35

SD: Standard deviation, CV: Coefficient of variance, PRESS: Predicted residual error sum of squares, AP: Adequate precision, P: Probability
of error

Y3, CR525 nm=+93.79−3.61x1+3.09x2+5.57x3−10.81x1
2
−2.11x2

2
−3.72x3

2 (7)

Y4, COD=+81.30−5.20x1+1.74x2+3.23x3−5.97x1
2
−2.42x3

2 (8)

Positive and negative signs in equations refer to a synergistic or
antagonistic effect of each term on a response. The proposed mod-
els for Fe and Al electrodes fitted very well to the experimental
data so that it could be used to navigate the design space accord-
ing to the descriptive statistical analysis given in Table 4. The pro-
posed model results indicate that all models are significant, lack of
fits are non-significant (p-value is less than 0.05).
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The large value of F indicates that most of the variation in the
response (COD and color removal efficiencies) could be explained
by the proposed model. The Prob>F is less than 0.05 indicates
that the model is considered to be strongly statistically significant
[62]. Between 0.05 and 0.10 it is marginally significant. Although
the larger F values, when the number of design variables is large, it
is more appropriate to look at the value of R2

adjusted because R2

always increases as the number of terms in the model is increased,
while R2

adjusted actually decreases if non-significant model terms are
added. Even in the worst case, the value of correlation coefficient
indicates (R2=0.92 for a chemical cost (€/m3) in use of Fe electrode)
that only less than 8% of the total variation could not be explained
by our model. Olmez [63] put forward that R2 must be at greater
than 0.80 to a good fit. In this study, the values of R2

adjusted for Al
and Fe electrodes are 0.95 for COD, 0.93 for CR λ525 and 0.95 for
COD, 0.93 for CR λ525, respectively. An R2

adjusted close to the R2 val-
ues (the difference was less than 0.2 for all models) ensures a satis-
factory adjustment of the proposed models to the experimental
data [64].

Based on the data given in Table 2, most of the CV values were
less than 5% and also the pure error was very small for all responses,
which showed very good precision and reliability for the experi-
ments [61]. The desired value of adequate precision (AP) must be
4 or more [50].

The adequacy of models was confirmed by constructing diag-
nostic plots (Fig. 2) using predicted data versus actual data obtained
from the experimental run. An adequate agreement between the
actual value and the predicted data was obtained from the fitted
regression models.
2. Effect of Operating Parameters and Optimization

The response surface plots for the variations of COD and color

removal efficiencies according to the important parameters such
as initial pH, current density, and electrolysis time fitted to the data
obtained from the CCD experiments are presented in Fig. 3 (for
Al electrode) and Fig. 3 (for Fe electrode). In each plot, two vari-
ables were demonstrated in one 3D surface plots, while the other
process variable was kept at an optimum level (α=0).

Color and COD can be removed from the RDW by either com-
plexation or electrostatic attraction followed by coagulation in EC.

Fig. 2. Diagnostic plots for the model adequacy.

Fig. 3. Effects of pH, current density, and electrolysis time on COD and color removal by using Al electrode.



1446 A. Aygun et al.

September, 2019

It is clearly seen from Fig. 3 and Fig. 4 that the effects of initial pH,
current density and electrolysis time were significant on COD and
color removal for both electrode type. The formation of mono-
meric and polymeric species having different absorbing capacity
was controlled by pH of aqueous phase. The efficiencies of color
and COD removal were found to increase with increasing pH up
to 5.0 and 6.5 for Al and Fe electrode, respectively. Thereafter, there
was a drastic decrease in the color and COD removal efficiencies
for both electrodes. Bayramoglu et al. [65] reported that optimum
pH depends on electrode type in the treatment of textile wastewa-
ter, and they suggested the optimum pH was 5 and 7 for aluminum
and iron electrode, respectively. The amount of floc production is
a function of current density and electrolysis time. As a general, an
increase in current density and electrolysis time resulted in en-
hanced COD and color removal in all runs. For example, when
the current density was applied 45 A/m2 to the Fe electrodes for 15
minutes, the color and COD removal were 79% and 74%, respec-
tively. Both the current density and electrolysis time were increased
to 80 A/m2 and 40 minutes, and the removal efficiencies were in-
creased by approximately 20% for color and COD. In one of the
previous studies, maximum Reactive Red 43 (RR43) removal effi-
ciency for iron electrode was given 99% for highest current den-
sity (35 A/m2) and electrolysis time (24 min) [66].

Based on our results, iron electrode can be preferred to alumi-
num due to better color and COD removal. For example, when
the aluminum electrode was used, the highest color and COD re-
moval efficiencies were 88.41% and 78.4%, respectively. However,
if the iron electrode was used, the highest color and COD removal
efficiencies were 95.4% and 84.9%, respectively.

Optimization is used to determine the optimum values of pro-
cess variables to reach maximum color and COD removal in terms
of cost-effective approach for both electrodes. Operating cost esti-
mation and minimization is an important aspect of wastewater
treatment [67]. Electrical energy, electrode, and chemical consump-
tion during the electrocoagulation have to be considered to find an
optimum and feasible solution. Maximized COD and color removal,
minimized operating cost were selected to find an optimum solu-
tion by assigning the same weight and the same importance to
each of the responses. Based on the desirability functions obtained
by model fitting optimum conditions were determined as given in
Table 5.

At the optimum, energy consumption (0.502 kWh/m3 equal to
0.036 €/m3 for Al and 0.403 kWh/m3 equal to 0.029 €/m3 for Fe),
electrode consumption (0.328 kg/m3 equal to 0.542 €/m3 for Al and
0.530 kg/m3 equal to 0.451 €/m3 for Fe) and chemical consump-
tion (21.82 L/m3 equal to 1.091 €/m3 for Al and 26.06 L/m3 equal

Fig. 4. Effects of pH, current density, and electrolysis time on color and COD removal by using Fe electrode.

Table 5. Optimization results
Operational conditions Responses

X1 X2 X3 Color removal (%) COD removal (%) Operating cost (€/m3)
Al 5.01 64.00 28.5 85.8 76.9 1.84
Fe 6.35 55.3 30.5 92.0 80.9 1.56
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to €/m3 for Fe) were determined. The use of aluminum electrodes
in EC studies requires more energy and electrode consumption,
resulting in high treatment cost. And also, Al electrode gives bet-
ter color and COD removal relatively lower pH when compared
with an iron electrode. As a result, it surprising that operating cost
consists of approximately 2% for energy, 28% for electrode and
70% for chemical consumption for both electrodes. Based upon
the data, it is clear that operating cost covers mostly for HCI utili-
zation to adjust pH due to the high pH and alkalinity of RDW
which was neglected in many studies.

As a result, the iron electrode is found superior to aluminum as
a sacrificial anode material in terms of COD and color removal
efficiencies with low cost. Our findings are compatible with previ-
ous studies [39,55]. Theoretical results predicted by RSM after multi-
objective numerical optimization were used to confirm the ade-
quacy and validity of quadratic models. For the validation test, opera-
tional conditions were randomly selected from lower to upper limit
values of independent variables (Table 6).

The results show that COD and color removal efficiencies ob-
tained by experimental studies in optimized conditions were found
to be very close to that predicted by the model. This is confirm-
ing that the RSM could be adequately used to optimize the pro-
cess variables.
3. Kinetic Studies

Kinetic studies were performed under optimum operating con-

ditions. The color and COD removal efficiencies depend on the
amount of metal ions produced on the anode surface. Color and
COD removal were followed by samples taken from the EC at 5-
minute intervals. The first-order reaction kinetics with a higher
slope for the color were well fitted, resulting in faster color removal
than that of COD for both electrodes (Fig. 5).

The first-order color removal kinetic constants were determined
as 7.29×10−2 min−1 and 8.76×10−2 min−1 for Al and Fe electrodes,
respectively. Similarly, Dalvand et al. [68] reported that the decol-
orization rate kinetic constant for Reactive Red 198 was 14.2×10−2

min−1. Whereas, the first order COD removal rate constants were
determined as 5.53×10−2 min−1 and 5.74×10−2 min−1 for Al and Fe
electrodes, respectively. When the kinetic rate constants are com-
pared, color is removed more quickly than COD for both elec-
trodes.

CONCLUSION

Laboratory scale electrocoagulation process optimized by RSM
using Fe and Al electrodes was used to investigate COD and color
removal from simulated reactive dyebath wastewater. The proposed
models, both Fe and Al electrodes, fitted very well to the experi-
mental data. For Fe electrodes, color and COD removal were 92.0%
and 80.9%, respectively at optimum conditions. The removal effi-
ciencies for Al electrodes dropped approximately 6% for color and

Table 6. Model validation and confirmation test results

Run
Independent variables Color removal (%) COD removal (%)

X1 X2 X3 Exp. Model Eror (%) Exp. Model Eror (%)
Al Electrode

1 4.7 75 25 88.17 87.49 −0.77 74.28 75.16 +1.18
2 4.0 50 15 67.27 65.59 −2.49 57.21 58.40 +2.08
3 5.2 90 20 76.22 78.23 +2.63 77.40 73.71 −4.76
4 6.0 40 30 49.58 52.50 +5.88 65.63 66.73 +1.67
5 4.4 60 40 91.25 88.25 −3.29 72.11 74.45 +3.25

Fe Electrode
1 6.1 70 20 87.70 88.93 +1.40 82.45 78.89 −4.32
2 7.5 55 30 85.17 84.20 −1.13 71.39 73.86 +3.46
3 5.0 60 25 86.36 83.06 −3.82 76.20 78.22 +2.65
4 8.0 90 40 77.99 82.41 +5.66 68.51 72.35 +5.61
5 5.0 40 30 76.74 79.66 +3.81 81.01 79.01 −2.47

Fig. 5. The first order kinetics for color and COD removal for Al and Fe electrodes.
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4% for COD removal. Operating cost was mainly affected by high
alkalinity of RDW, which was found as 1.56 €/m3 for Fe and 1.84 €/
m3 for Al electrodes. A 70% of the operating cost covers pH adjust-
ment for the electrodes since operation conditions requires low
pHs for both electrodes. Based on our kinetic studies, the color
removal rate was higher than COD for both electrodes.
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