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Abstract
The electrocoagulation method using stainless steel anodes was applied to a corrugated cardboard box manufacturing plant’s 
wastewater with high COD content. The effects of current density, processing time and stirring speed on response functions 
were studied using the Response Surface Methodology (RSM). The removal efficiency of chemical oxygen demand (COD) 
and energy consumption were selected as response functions. The Central Composite Design (CCD) was chosen to explain 
the single and combined effects of independent variables on response functions. The COD concentration of the real industrial 
wastewater used in the experiments was 9130 mg L−1. The maximum COD removal efficiency of 91.6% is obtained with 
19.78 Wh g−1 energy consumption. Current density and treatment time were effective parameters for both COD removal 
and energy consumption. Optimization for maximum COD removal with minimum energy consumption showed 80.9% of 
COD removal with 6.7 Wh g−1 of energy consumption at 15 mA cm−2, 700 rpm, and 28 min treatment time. The variables 
are optimized with a few experiments using the response surface method.

Keywords  Electrocoagulation · Corrugated box wastewater · Response surface methodology · Central composite design · 
Optimization

Introduction

Paper, carton and corrugated board products with a total 
production of 2.1 million tons per year have become one 
of the leading sectors of the packaging industry in Turkey. 
These sectors account for 39% of the packaging industry, 
according to a report published in 2019 by the Ministry of 
Trade. Corrugated box packaging, which is a sustainable 
packaging material, is cheap and light; it has also a very high 
recovery ratio compared to all other packaging materials. As 
effect of the coronavirus pandemic, e-shopping has become 
widespread so the corrugated box needs and production 
increased. The production consists of two steps: adhering 
the corrugated cardboard and paper sheets with a special 
adhesive and performing the flexographic printing process 
on the cardboard. A high amount of water is used in the 
production of corrugated boxes, and therefore the amount of 

wastewater released at various stages is also high [1]. Gener-
ally, the wastewaters are a combination of starch, glue, and 
inks. Heavy metals are also present in the wastewater from 
colored inks. The most important environmental problem of 
corrugated cardboard wastewaters is that of having a high 
COD level. Because of the high COD and BOD content of 
the wastewater of corrugated box production facilities, it 
is difficult to treat. Therefore, it has significant impacts on 
environmental pollution, and the wastewater of this industry 
cannot discharge directly to the environment or sewage sys-
tem. The first choice is to provide the discharge standard for 
the receiving environment with effective processing facili-
ties. The second option is to discharge pretreated effluent to 
local industrial treatment facilities. Small or medium-sized 
plants prefer generally the second one from an economi-
cal point of view. In many countries, a wastewater treat-
ment plant is located nearby an organized industrial zone 
to separate industrial effluents from domestic and sewage 
wastewaters for efficient treatment. A high-capacity waste-
water treatment plant has been operated in Eskişehir Organ-
ized Industrial Zone (EOIZ) in Turkey since 2009. Their 
acceptance criteria for pollutants are determined concern-
ing national registrations, and the COD discharge criteria of 

 *	 Belgin Karabacakoğlu 
	 bkara@ogu.edu.tr

1	 Eskişehir Osmangazi University, 26480 Eskişehir, Turkey
2	 Turkish DemirDöküm Corp, Bozüyük Factory 11300, Turkey

http://orcid.org/0000-0002-3157-7609
http://crossmark.crossref.org/dialog/?doi=10.1007/s12678-022-00781-z&domain=pdf


	 Electrocatalysis

1 3

corrugated box manufacturing effluents was 1200 mgL−1. 
Therefore, the cardboard industry must provide this COD 
level with pretreatment using available treatment operations 
before discharge to a wastewater treatment plant.

Electrocoagulation (EC), which is an electrochemical 
treatment technique, can be successfully applied in the treat-
ment of wastewater with different contents. Heavy metals 
such as Cr(VI) [2], arsenic [3] and organic pollutants such as 
dyes [4, 5] and pesticides [6] were removed from the model 
solution and wastewater by EC. The treatment tool of the 
electrocoagulation method is similar to chemical coagula-
tion. The main difference between electrocoagulation and 
chemical coagulation is those electrode reactions are respon-
sible for the production of coagulants necessary for treat-
ment. Coagulants are produced by continuously releasing 
aluminum or iron ions of anodic metal by anodic oxidation 
in situ [7]. Simultaneously, hydroxide ions and hydrogen gas 
evolve at the cathode by water reduction. The hydroxide ions 
are used to create ferric, ferrous, and aluminum hydroxide 
which are efficient adsorbents. Hydrogen gas helps transport 
the formed flocs to the surface [8]. Contaminants may also 
be reduced or oxidized with cathode and anode, respectively. 
Furthermore, the smallest charged colloidal particles may 
be coagulated easily with the help of an electrical field. The 
main steps of EC are the evaluation of aluminum or iron 
ions by anodic dissolution; formation of coagulants in vari-
ous forms in solution depending on the pH and ion types; 
adsorption of pollutants on coagulants and sedimentation or 
flocculation of coagulants adsorbed pollutants with the help 
of hydrogen gas [6]. Electrocoagulation is a cost-effective 
and rapid technique for the treatment of waters and waste-
waters having different characteristics. Compared with tra-
ditional flocculation and coagulation, the EC has several 
advantages such as ease of operation, less retention time; 
not requiring pH control in most cases, rapid sedimentation 
of the flocculants, less sludge production, and lower capital 
cost. The effectiveness of the EC is influenced by numerous 
factors such as applied voltage, electrolyte conductivity, pH, 
electrolyte concentration, processing time, current density, 
electrode type and surface area. It is very useful to optimize 
some of these variables to increase the efficiency of the pro-
cess and especially to reduce electrical energy consumption.

Response Surface Methodology (RSM) is a combination 
of mathematical and statistical methods for modeling and 
analysis of complex systems such as EC where a response 
of interest is affected by various variables [9]. RSM is used 
for designing experiments, modeling, examining the effect 
of several variables on a response, and determining the opti-
mum conditions for desirable responses. Process modeling 
with RSM is performed in less time as it requires fewer 
experiments, and less experimentation means less resource 
use [10, 11]. Process variables for the treatment of wastewa-
ter such as slaughterhouse [12, 13], metal plating [14], paper 

mill [15], automobile [16], textile [17] and metal working 
[18] by electrocoagulation have been optimized using the 
response surface methodology. There are several studies in 
the literature that examine the treatment of real cardboard 
wastewater with electrocoagulation [1, 19, 20]. In one of 
these studies, optimization was made by response surface 
method for electrocoagulation/ozone hybrid method, but 
COD was selected as the only response and energy con-
sumption was not optimized. However, energy consumption 
should also be optimized in terms of the applicability of 
electrocoagulation, an electrochemical treatment technique.

This study aims to optimize the process variables deter-
mined as current density, treatment time and stirring speed 
for minimum energy consumption and maximum COD 
removal by using the RSM method for the treatment of cor-
rugated cardboard production wastewater with the electro-
coagulation method.

Material and Method

Materials

The real wastewater was obtained from a factory produc-
ing corrugated cardboard packaging material in the indus-
trial zone of Eskisehir city in Turkey. Starch and glue-free 
wastewater emerging from printing-painting operations 
were collected and stored in polyethylene bottles in a refrig-
erator at 4 °C until use. The suspended coarse particles in 
the wastewater were separated with the help of filter paper 
before experiments. Some parameters of wastewater were 
illustrated in Table 1.

Experimental Setup

Electrocoagulation experiment setup consists of DC power 
supply, magnetic stirrer and electrocoagulation reactor 
(Fig. 1). A 600 mL beaker was used as an EC reactor. Four 
plates made of AISI 304 stainless steel with dimensions of 
9 cm × 6 cm × 0.2 cm were used as both anodes and cath-
odes. The total effective area of anodes immersed in waste-
water was 139.2 cm2. The distance between the electrodes 

Table 1   Main characteristics of corrugated box wastewater

Parameter Unit Value

pH - 7.2
Conductivity mS cm−1 2.08
COD mg L−1 9130
Total cyanide mg L−1 0.6
Cl− mg L−1 990
Color - Reddish-brown
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was 1 cm, and an insulating hanger was used as an electrode 
separator to maintain the distance of the electrodes.

The anodes and cathodes were fixed two cm above the 
bottom of the cell to allow efficient mixing. Electrodes may 
be arranged as plate electrodes and connect to a power sup-
ply as monopolar or bipolar. Monopolar electrodes are con-
nected parallel or serially to the power supply. For monop-
olar parallel electrode arrangement, electrodes connect 
separately to the DC power supply. This connection mode 
is the most efficient one because of the energy consumption 
[21]. For this reason, electrodes consisting of two anodes 
and two cathodes were connected as monopolar parallel to 
a DC power supply (0–20 V, 0–5 A). The wastewater was 
agitated by a magnetic stirrer.

Experimental Design and Data Analysis

In this study, the RSM via Design-Expert software (Stat-
Ease Inc.) was used to develop a convenient, functional rela-
tionship between the selected responses and control vari-
ables. The experiments were designed according to Central 
Composite Design. The RSM was applied in the case of five 
stages [22]:

1.	 The selection of variables that affect the aimed 
responses, and determination of the lower and upper 
levels of each variable: The original pH and conductiv-
ity values of the wastewater were used for avoiding extra 
chemical usage. The current density, time, and stirring 
speed were chosen as parameters influencing the EC 
efficiency. The lower and upper limits of the variables 

were established by our preliminary experiments. COD 
removal efficiency (Y1) and energy consumption (Y2), 
which are important economical factors in electrochemi-
cal systems, were considered as the dependent factors 
(responses).

2.	 The choice of the experimental design and studying the 
experimental runs is determined by the design model: The 
second step of RSM is the selection of an experimental 
design model. For this purpose, a first-order and second-
order model can be used. As shown in the literature, 
researchers have preferred generally the second-order 
symmetrical design such as three-level factorial design 
[23], central composite [24, 25], and Box-Behnken [20]. 
The selection of experimental points, the number of lev-
els for variables, and the number of runs are different 
for each design model. CCD was selected as the design 
method in this study, and lower and upper levels of each 
variable were introduced to the software. All variables 
were studied in five levels as –α, − 1, 0, + 1, + α. α level 
of each variable depending on the number of variables (k) 
is determined by Eq. (1) [22]:

α levels were calculated by the software. The levels to be 
used in the experimental design for the three factors deter-
mined as current density, treatment time and stirring speed 
are given in Table 2.

The total experiment number was determined by the soft-
ware according to the following formula:

(1)∝= 4

√

2k

(2)Experiment number = 2k + 2k + cp

Fig. 1   Electrocoagulation set-up with monopolar parallel connection a schematic, b actual



	 Electrocatalysis

1 3

where k is the number of variables, 2 k represents orthogo-
nal points, 2 k represents axial points, cp corresponds to 
replicate the number of the central points [15, 22]. The CCD 
for three experimental variables included 20 experiments. 
Each experiment was run in the order given in Table 3 and 
only once. The number of repeats was 6 and provided an 
estimation of the experimental error, thus eliminating the 
repetition of other runs.

3.	 The mathematical and statistical interpreting of the 
obtained experimental data through the fit of a polyno-
mial function: A total of 20 experiments were carried 
out under the conditions given in Table 3. The percent-
age of COD removal and energy consumption obtained 
for each experiment were entered into the program. 
Experimental data were analyzed using Design Expert 
and fitted to a second-order polynomial model, and then 

regression coefficients were obtained. The response (Y) 
of the process for determining experimental runs was 
used to evaluate the second-order polynomial equation 
as a function of selected variables (x) and their interac-
tions according to the following equation [4, 26]:

where β0, βi, βii and βij are the regression coefficients 
for intercept, linear, quadratic, and interaction terms, 
respectively.

4.	 The evaluation of the model fitness by ANOVA: R2 and 
R2

adj regression coefficients were used to determine the 
appropriate polynomial model and statistical signifi-
cance was checked with the F-test. The statistical sig-
nificance of the models was justified through analysis 

(3)
Y = 𝛽

0
+
∑3

İ=1
𝛽ixi +

∑3

i=1
𝛽iix

2

j
+
∑2

i=1

∑3

j=i+1
𝛽ijxixj

Table 2   The variables and 
levels of the design model

Coded and actual variable

Variable Unit Factors α-low Low Center High α-high

 − 1.68  − 1 0  + 1  + 1.68
Current density mA cm−2 X1 6.6 10 15 20 23.5
Time min X2 6.4 20 40 60 73.6
Stirring speed rpm X3 164 300 500 700 836

Table 3   Central composite 
design with actual values, 
experimental and predicted 
results

Run Variables Responses

Current density
(mA cm−2)

Time
(min)

Stirring speed
(rpm)

COD Removal (%) Energy consumption (Wh 
g−1)

Experimental Predicted Experimental Predicted

1 15.0 40.0 164 75.0 76.6 8.74 8.77
2 10.0 20.0 300 67.6 65.0 2.69 2.60
3 20.0 60.0 300 79.4 81.2 21.51 24.88
4 15.0 40.0 836 82.3 82.9 7.92 8.75
5 15.0 40.0 500 82.8 83.1 7.92 11.30
6 15.0 6.4 500 69.1 70.3 1.63 2.68
7 10.0 20.0 700 71.2 68.4 2.59 1.91
8 15.0 40.0 500 83.1 83.1 8.99 11.26
9 10.0 60.0 700 74.4 72.6 7.02 10.21
10 20.0 60.0 700 83.6 85.1 21.06 23.77
11 15.0 40.0 500 83.4 83.1 7.86 11.22
12 15.0 40.0 500 84.4 83.1 12.56 11.09
13 15.0 73.6 500 73.3 74.1 21.06 23.84
14 6.6 40.0 500 57.3 63.6 3.63 5.85
15 23.4 40.0 500 91.6 87.4 19.81 20.11
16 20.0 20.0 300 80.1 80.8 9.45 9.25
17 10.0 60.0 300 70.7 67.1 9.49 12.01
18 15.0 40.0 500 82.6 83.1 11.81 11.33
19 20.0 20.0 700 80.1 82.7 9.49 10.01
20 15.0 40.0 500 82.4 83.1 12.30 11.36
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of variance (ANOVA) for the quadratic model. For each 
response, three-dimensional surface graphs were created 
showing the binary interactions of the variables.

5.	 Obtaining the optimum levels of each variable for the 
aimed levels of responses: For numerical optimization, 
the desired goal of each factor and response from the 
menu of the program are chosen. Then, the program 
seeks the optimum points to maximize the desirability 
function [27]. The desired goal of each variable was cho-
sen within the range introduced in Table 2. Different 
options are available for responses such as maximize, 
minimize, in range, none, and target.

Experimental Procedure and COD Analysis

The experiments were performed in the same order as given 
in Table 3. EC experiments were conducted in galvanostatic 
mode, and the constant current was adjusted to the required 
value. Four hundred mL of wastewater was used in each 
experiment. The conductivity of the wastewater was suf-
ficiently high (Table 1), and any supporting electrolyte did 
not use. The wastewater was used without adjustment of 
pH. Therefore, additional chemical use was avoided. At the 
end of the experiment, the electrodes were removed, and 
the solution was filtered. Electrodes were rinsed with dilute 
HCl after each experiment. COD analysis was performed by 
the closed reflux colorimetric method. For analysis, 0.2 mL 
of sample was added to the Matriks® COD test kit (Turkey) 
and digested for 2 h at 148 °C in thermoreactor (Merck, 
TR320). Then, the tubes were cooled to room temperature, 
and the absorbance of the samples was read at 620 nm with 
a UV spectrophotometer (Thermo Scientific-Aquamate). 
The removal efficiency and energy consumption per COD 
removed were calculated using Eqs. (4) and (5), respectively:

where U, is the voltage (V); I, the current (A); t, the treat-
ment time (h); V, the volume of wastewater (L); C0 and C 
were the initial and present concentrations of the COD in 
solution (mg L−1), respectively.

Results and Discussion

The most important parameter affecting the cost in terms 
of the applicability of electrochemical processes is energy 
consumption. Therefore, high removal efficiency and low 

(4)COD Removal Efficiency (%) =
C
0
− C

C
0

100

(5)Energy Consumption
(

Whg−1
)

=
UIt

V
(

C
0
− C

)

energy consumption are required. In many EC studies with 
RSM, the removal efficiency was selected as a unique 
response [28, 29], and a few research deals with energy 
consumption [30–32]. The experiments were conducted at 
varying current density, time, and stirring speed determined 
by CCD to individual and combined effects of these vari-
ables on COD removal efficiency and energy consumption.

Fitting of Process Models and Statistical Analysis

Response surface methodology is a mathematical and 
statistical technique that is used to develop a convenient, 
functional relationship between selected responses (Y) and 
control variables (x). For the treatment of real cardboard 
industry wastewater by the electrocoagulation process, 20 
experiments were conducted for 5 levels of each variable 
based on the central composite design. The experiments 
were conducted in the order given in Table 3 and measured 
and predicted responses of COD removal and energy con-
sumption were listed in the same table.

The values of the predicted responses in terms of COD 
removal and energy consumption were calculated from Eqs. 
(6) and (7). The lowest COD removal 57.3% and the high-
est COD removal 91.6% were obtained in the range of the 
variables as shown in Table 3. The lowest and highest values 
of energy consumption were 2.68 kWh and 21.48 kWh per 
gram of removing COD, respectively.

After the responses were introduced by the Design 
Expert, the software seeks the most convenient model. The 
quality of the model and its power of prediction are related 
to the variance coefficient, R2. A high R2 value, close to 1, 
is desirable and has a reasonable agreement with adjusted 
R2 [33].

The quadratic model was suggested for COD removal 
and energy consumption by the program. The R2 value of 
0.9077 has an acceptable agreement with the model adjusted 
R2 value of 0.8245 for the COD removal equation. The R2 
values greater than 0.8 indicate that the regression models 
explained the process well [34]. The R2 value and adjusted 
R2 value for the energy consumption equation are higher 
and their values are close to each other. If the difference 
between R2 and adjusted R2 is less, the model fits the data 
well. ANOVA results of these quadratic models are pre-
sented in Table 4.

The main statistical parameters indicating the signifi-
cance and acceptability of the model which used optimiza-
tion of process variables by using RSM are the model Fisher 
variation ratio (F-value), the probability ratio (p-value), and 
adequate precision. As seen in Table 4, the model “F-values” 
of 10.92 and 26.92 implies that the models are significant 
for COD removal and energy consumption, respectively. 
The large “F values” indicated that most of the variation in 
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the response can be explained by the regression equations. 
Table 4 shows also that the most significant term is the cur-
rent density for two responses. In the case that P-value is 
lower than 0.05 implies that the model and terms are sig-
nificant [28, 35]. Values greater than 0.1 indicate that the 
model terms are not significant. In this case, A, C, A2, B2 
are significant model terms for COD removal, and A, B, 
AB, C2 are a significant model in terms of energy consump-
tion. The current density is a highly significant model term 
in both COD removal and energy consumption equations. 
Adequate precision compares the range of the predicted 
values at the design points to the mean prediction error. Its 
value greater than 4 is desirable and confirms the applica-
bility of the model for navigation of the design space [29]. 
For the present study, adequate precisions were found as 
10.31 and 16.54 for COD removal and energy consumption, 
respectively. Therefore, the quadratic model can be used to 
navigate design space [26].

Different models were fitted to the experimental data by 
the software to generate the regression equations. The quad-
ratic model was chosen for further analysis of COD removal 
and energy consumption. The regression equations of Y1 
(COD removal percent) and Y2 (energy consumption) with 
coded values obtained by Design-Expert are given in Eqs. 
(6) and (7), respectively.

(6)

Y
1
=83.10 + 7.10A + 1.18B + 1.74C − 0.44AB − 0.39AC

+ 0.54BC − 2.73A
2 − 3.88B

2 − 1.25C
2

(7)

Y
2
=10.23 + 4.89A + 4.94B − 0.32C + 1.55AB + 0.27AC

− 0.35BC + 0.51A
2 + 0.38B

2 − 0.69C
2

The larger the coefficient in front of the variable, the 
more significant its effect on the response. Also, a sign of 
the coefficient indicates that the impact of the variable on 
response function is positive or negative. A positive sign in 
each variable represents a synergistic effect of the variables 
to response, while a negative sign indicates an antagonistic 
effect of the variables [27]. As shown in Eq. (6) current 
density (A), time (B), and stirring speed (C) have a positive 
effect on the COD removal; this means that COD removal 
increases with increasing all the variables examined. The 
most efficient variable is the current density on the COD 
removal and it affected approximately six times than time 
and stirring speed. The energy consumption is affected posi-
tively by current density and time, also their effects are near 
as seen in Eq. (7).

The suitability of the selected model to experimental 
data may also be confirmed by the diagnostic plots such 
as the normal plot of residuals and predicted versus actual 
[29]. The adequacies of the models suggested for R1 and R2 
were interpreted by the residual graphs. These graphs are 
introduced by the software and they demonstrate the differ-
ences between predicted and observed response values [36]. 
Therefore, the graphs of normal probability and the graphs 
of residuals versus fitted values for COD removal and energy 
consumption were examined. As shown in Fig. 2, values of 
normality assumption are almost on a straight line.

Predicted values using the quadratic model given in Eqs. 
(6) and (7) and actual values obtained experimentally are 
compatible with each other as illustrated in Fig. 3 and a good 
correlation is available between them. Data points for both 
COD removal and energy consumption appear to be close 
to the diagonal lines.

Pareto Analysis

Pareto analysis can also be used to interpret the RSM results. 
The Pareto analysis calculates the contribution of each factor 
on the response, and the following equation is used [37]:

where bi is the coefficient in front of the related factor 
given in Eqs. (6) and (7). Figure 4 shows the graphical 
results of Pareto analysis of COD removal and energy 
consumption equations with coded values. As seen in the 
Pareto graphic, the current density is the main parame-
ter influencing the COD removal and its contribution is 
91.9%. The current density and time have a similar con-
tribution to energy consumption. The synergetic effect of 
current density and time is the highest for energy con-
sumption at 92.5%.

(8)Pi =
b2
i

∑

b2
i

100

Table 4   ANOVA for COD removal and energy consumption

a  R2 = 0.9077, R2
adjust = 0.8245, Adequate precision = 10.31.

b  R2 = 0.9562, R2
adjust = 0.9167, Adequate precision = 16.07.

Factor COD removal (%)a Energy consumption 
(Wh g−1)b

F-value p-value F-value p-value

Model 10.92 0.0004 24.24  < 0.0001
A-Current Density (mA 

cm−2)
64.15  < 0.0001 102.50  < 0.0001

B-Time (min) 1.78 0.2112 104.38  < 0.0001
C-Stirring Speed (rpm) 3.85 0.0783 0.43 0.5245
AB 0.14 0.7124 6.00 0.0343
AC 0.11 0.7463 0.18 0.6785
BC 0.22 0.6515 0.32 0.5866
A2 9.93 0.0103 1.16 0.3066
B2 20.08 0.0012 0.64 0.4438
C2 2.04 0.1833 2.14 0.1744
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Single and Combined Effects of Process Variables

The main advantage of response surface methodology is inter-
preting the interactions of process variables. The values of the 
response function obtained at varying current density, time, and 
stirring speed determined by CCD introduced the software. 
Three-dimensional curves of the response surfaces which were 
developed by the Design-Expert are shown in Figs. 5, 6, 7.

The interaction between current density (A) and time 
(B) on COD removal was performed by changing A from 
10 to 20 mAcm−2 under different B from 20 to 60 min, and 
the effects of current density and time of COD removal at 
500 rpm stirring speed were illustrated in Fig. 5a. COD 

removal increased in increasing current density. Current 
density controls the generation amount and rate of coagu-
lant and also the collision between the particles [29]. Col-
loidal particles were also destabilized more effectively at 
high current density [6]. As shown in Fig. 5, COD removal 
increased with an increase in current density due to the 
electrode reactions. According to Faraday’s Law, the 
amount of dissolved anodic metal and hence coagulant 
dose is directly proportional to the applied current on an 
electrolytic cell at a certain time [38]. The main removal 
mechanism of EC is the adsorption of pollutants with the 
help of Fe(OH)2 flocs. The increase in current density 
results in a higher amount of ferrous ions and hydroxides 
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Fig. 2   Normal probability versus residuals plots for a COD removal and b energy consumption

Fig. 3   Predicted from model equations versus actual (experimental) response plots for COD removal and energy consumption
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by the following reactions and therefore more ferrous 
hydroxide evaluates [39]:

An increase in the current density increases the density of 
the bubbles liberated from electrodes and decreases the size 

(9)Anode ∶ Fe → Fe2+ + 2e−

(10)Cathode ∶ 2H2O + 2e− → H2(g) + 2OH−

of the bubble. Therefore, there was an improvement in the 
removal of COD and sludge production [40]. Although there 
was increase in the COD removal by increasing current density, 
its value must be limited due to ohmic heating which leads to 
increased solution temperature at high current density [29]. 
Ohmic heating was observed significantly at 23.5 mA cm−2 
of current density. Energy consumption increased with the 
increase in time and current density as shown in Fig. 4b, and 
its effects were almost equal. It can be concluded from the 

Fig. 4   Percentage effect of each 
term to responses obtained 
using the Pareto analysis (A: 
current density, mA cm−2; B: 
time, min; C: stirring speed, 
rpm)

Fig. 5   3D surface graph of the combined effect of current density-time on a percentage of COD removal and b energy consumption (stirring 
speed: 500 rpm)
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figures that higher COD removal and energy consumption are 
achieved at higher current density values.

Figure 6a and b illustrates the combined effect of mix-
ing speed and voltage on the removal and energy consump-
tion, respectively. The most important effect of the stirring 
speed is on the mass transfer. It can be seen from the figures 
that the COD removal slightly increased with the increase 
in the mixing speed. Similar results can be seen in the lit-
erature [41]. The increased stirring speed promotes turbu-
lence, reduces the thickness of the diffusion layer at the 
electrode surface, and reduces cell resistance by facilitating 
the removal of gas bubbles that accumulate on the surface 
of the electrode [42]. Another function of the stirring is to 

distribute the iron-based coagulants effectively throughout 
the reaction. The stirring of the electrolyte ensures that the 
temperature and pH values are homogenous throughout the 
reactor. However, high stirring rates may break the flocks 
formed in the reactor and form small flocks which are hard 
to remove from water [43, 44].

Figure 7a and b was used to explain the combined effect 
of stirring speed (300–700 rpm) and time (20–60 min) on 
removal efficiencies of color and COD, keeping the third 
parameter at center value as 15 mA cm−2. As seen from these 
figures, to reach the maximum COD removal, the average 
treatment time (44 min) and the stirring speed over 500 rpm 
are required, the low treatment period results in lower energy 

Fig. 6   3D surface graph for the combined effect of current density-stirring speed on a percentage of COD removal and b energy consumption 
(time: 40 min)

Fig. 7   3D surface graph of the combined effect of time-stirring speed on a percentage of COD removal and b energy consumption (current den-
sity: 15 mA cm−2)
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consumption. It is also observed that stirring speed has no 
significant impact on energy consumption. Also, higher treat-
ment time results in higher sludge formation. It can be noted 
that the COD removal increased up to 75.3% and 78.03%, 
respectively, upon increasing the stirring speed from 300 to 
700 rpm at 15 mA cm−2 current density. The treatment time 
affected the energy consumption much more, as the energy 
consumption for a current density of 15 mA cm−2 and a mix-
ing speed of 300 rpm increased from 4.95 to 14.19 Wh g−1 
as the time increased from 20 to 60 min.

Optimization of Experimental Variables

The optimization of process variables was realized by the 
Design-Expert software. The most important advantage of 
RSM is the ability to optimize multiresponse. For numerical 
optimization, the desired goal of each factor and response 
from the menu of the program are chosen. Then, the program 
seeks the optimum points to maximize the desirability func-
tion [27]. The desired goal of each variable (current den-
sity, time, and stirring speed) was chosen within the range 
introduced in the Table. The COD removal was defined as 
maximum to achieve the highest efficiency while the energy 
consumption was defined as a minimum from the economi-
cal point of view. The software searched the optimum values 
of variables to ensure the responses for common desirabil-
ity and offered 8 solutions. The solutions were very close 
to each other. The optimized conditions were obtained as 
15 mA cm−2 current density, 700 rpm stirring speed, and 
28 min treatment time with the desirability of 0.72. At these 
optimum conditions, 80.9% of COD removal and 6.7 Wh 
g−1 of energy consumption were foreseen by the program 
optimization. Because 80.9% of COD removal does not 
satisfy the national limits of discharge to a sewage system, 
the optimization criteria were changed. Energy consump-
tion was defined within the range, while the desired goal 
of variables and COD removal remained the same. In these 
conditions, software was the current density of 20 mA cm−2, 
stirring speed of 600 rpm and treatment time of 42 min 
were obtained optimized values of independent variables 
with the COD removal of 88% and energy consumption per 
COD removed of 16 Wh g−1. The desirability is 0.89. High 
removal rates of the COD resulted in high energy consump-
tion. Similar results were obtained by Taheri et al. [45]. In 
the experiment carried out under these conditions, 88.1% 
COD removal was obtained.

Conclusions

The efficiency of the EC process with stainless steel anodes 
for COD removal from industrial wastewater was studied, 
and the impact of process variables such as current density, 

treatment time, and stirring speed on removal percent of 
COD and energy consumption by using RSM with Central 
Composite Design. The analysis of the experimental results 
by ANOVA indicated that RSM was a practical and appropri-
ate method to optimize the process variables. The maximum 
COD removal efficiency of 91.6% with energy consump-
tion of 19.78 Wh g−1 COD was obtained under the following 
conditions: 23.4 mA cm−2 of current density, 40 min of treat-
ment time, and 500 rpm of stirring speed. To achieve high 
removal efficiencies of COD, applied current density should 
be increased, but increasing the current density increases the 
energy consumption. From this point of view, the optimized 
levels of factors evaluated by the software were current den-
sity of 20 mA cm−2, treatment time of 42 min, stirring speed 
of 600 rpm with the COD removal of 88%, and energy con-
sumption of 16 Wh g−1 COD. Under these conditions, it will 
be possible to lower the COD concentration of wastewater 
(9130 mg L−1) to the COD discharge limit of 1200 mg L−1. 
Moreover, pH adjustment was not necessary, and we studied 
the original pH of the real wastewater in all experiments. The 
theory of EC is also based on the dissolving of the anodes, 
therefore it needs to be replaced in a specific time interval. 
Stainless steel electrodes can be used longer than iron and 
aluminum electrodes. At the end of the experiments, it was 
observed that there was only pinhole corrosion on the sur-
faces of the anodes.
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