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a b s t r a c t
Paint manufacturing wastewaters contain highly toxic and organic biorefractory substances and have adverse effects on human health. In this study, the removal of color and
chemical oxygen demand (COD) from a paint manufacturing plant (PMW) wastewater
by electrochemical degradation using Ti/Pt anodes were investigated with a five-factor
central composite model. pH (4–11), temperature (10–40◦ C), NaCl concentration (10–
100 mM), current (5–15 A) and feed rate (10–40 mL/min.) were selected as independent
operating parameters. The results obtained were analyzed with analysis of variance
and a quadratic model was developed to examine the effects of parameters affecting
degradation conditions. Optimum conditions for maximizing color and COD removal
while minimizing energy consumption were determined by numerical optimization and
found to be pH of 4, temperature of 39.99 ◦ C, NaCl concentration of 100 mM, feed rate
of 40 mL/min and current of 5.21 A. Under optimum conditions, the estimated color
removal was 79.68% and the COD removal was 80.54%. The compatibility of the predicted
optimum conditions was confirmed by experimental data. In experiments performed
under optimum conditions, the energy consumed by the system was calculated as 8.51
kWh/m3 and the operating cost to treat 1 m3 PMW was determined as $1.02.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
The unplanned and rapid urbanization observed in the last century in the world, chemicals used in industry and
agriculture, and changes in climate conditions due to increased greenhouse gases in the atmosphere have started to
threaten the availability of water resources in terms of quantity and quality at local and regional scales (Wang and Kalin,
2018). In particular, the processes that occur during regulated or unregulated occurrence of industrial-origin pollutants
in surface waters/groundwaters and their discharge into water bodies are threats that cause pollution of water resources
(Samia et al., 2018). Dyestuffs are used in a wide range of industries from the food industry-cosmetics-textile industry to
the machinery industry. When wastewater containing dye is discharged into the receiving environment without meeting
the discharge limits, it causes a decrease in the oxygen levels in the receiving environment (Ozturk et al., 2017), prevents
the penetration of sunlight into the water (Li et al., 2003), causes vital activities to be put at risk, and also threatens
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animal and human health (Khan and Malik, 2014) within the ecological cycle. Dyes are highly water-soluble so removing
them from aqueous environments is difficult (Yönten et al., 2020). There are many methods by which such wastewater
can be treated successfully. It was proven in the literature that wastewaters containing dyes can be successfully treated
with processes such as adsorption (Tang et al., 2018), coagulation and electrocoagulation (Kalivel et al., 2020; Wei et al.,
2020), biological systems (Liu et al., 2017), fenton and electro fenton (Kourdali et al., 2014; Xiang et al., 2020). However,
one of the issues that is as important as success in wastewater treatment is secondary waste generation after treatment
and another is treatment cost. Electrooxidation (EO) can be a good candidate for processes where there is no secondary
waste generation. In EO processes, organic materials can be degraded to end products by direct and/or mediated oxidation.
However, treatment costs can be high due to the direct use of electrical energy. Recently, the use of photovoltaic cells,
which can be a solution to reduce costs arising from electrical energy, was discussed in the literature (Ganiyu et al.,
2019; Ouzounis et al., 2018). Also, it is possible to reduce system costs by optimizing the reactor/electrode designs and
operational parameters affecting the system. To maximize the removal efficiency and minimize the system cost for the
treatment of paint manufacturing wastewater (PMW) with a single EO process in a continuous system, we performed
numerical optimization of operational parameters such as pH, reaction temperature (◦ C), S.E. concentration (mM), feed
rate (Q, mL/min) and current (A) for two responses (COD and color) in a single step.
There are many studies about electrochemical treatments of dye-containing wastewaters with EO processes. As far
as the authors are aware, no published studies have investigated and optimized the combination of many operation
parameters to maximize the removal efficiency and minimize the system cost for PMW with a single EO system using
Ti/Pt anodes.
2. Material and method
2.1. Wastewater characteristics, Analyses and calculations
The wastewater used in the study was periodically obtained from a paint manufacturing industry operating in Van
in Turkey between November 2019-March 2020 in the middle of every month. Wastewater came from barrels that are
washed after paint production. PMW was stored at 4 ◦ C before being used in subsequent studies. Electrical conductivity
(EC), temperature and pH measurements were measured using a multimeter (WTW multi340i multimeter). Total Nitrogen
(TN) analyses were performed using a spectrophotometer with the peroxydisulfate oxidation/2,6-dimethylphenol based
total nitrogen cell test method. Total suspended solids (TSS) analyses were performed gravimetrically according to the
2540 D standard method (APHA, 2005). The COD analysis was made according to the closed reflux colorimetric method
(APHA, 2005). Color readings were performed according to the Pt-Co standard method (APHA, 2005). Sulfate analyses
were performed using a Dionex ICS 3000 model ion chromatography. Oil-grease analyses were completed according to
the 5520-D standard method (APHA, 2005). Table S1 shows the minimum and maximum values of wastewater over
6 months. All chemicals used in this study were purchased from E. Merck with 99.4% purity. Sieve type Ti/Pt and Ti
electrodes used throughout the studies were purchased commercially, and the properties of the electrodes were specified
in our previous study (Ozturk and Yilmaz, 2020). Ti/Pt was used as anode and the Ti electrode was used as cathode.
COD and decolorization yields were calculated according to Eq. (1) (Bayram et al., 2020), system energy consumption (E)
values (kWh/m3 ) were determined with Eq. (2) (Farizoğlu et al., 2018) and specific energy consumption (SEC) based on
COD removal (kWh/kg COD) was calculated with Eq. (3) (Ozturk and Yilmaz, 2019).
Remov al efficiency (%) =

(
E

kWh
m3

(
SEC

)
=

kW-h
kg COD

(C0 − Ct )
C0

× 100

(1)

V ×I ×t

(2)

v

)
=

V ×I ×t

(3)

∆C × VR

C0 and Ct express the pollutant concentrations at initial time and t time, V (volt) is potential difference in the system, I
(A) is the current applied to the system, t states the reaction time (min), VR (mL) symbolizes the wastewater volume in
the reactor and ∆C represents the difference in concentration of COD measured between initial and t time.
2.2. Experimental apparatus
A temperature-adjusted water circulator was used in the system to keep the reaction temperatures at the desired value.
The jacketed glass reactor in which the EO process takes place had a volume of 0.7 L. A peristaltic pump (Masterfleks R/S)
was used for wastewater feeding and discharge. The electrodes were connected to the power supply (TTI/QPX1200S) with
a monopolar parallel. It is thought that monopolar connections will provide economy in terms of energy consumption.
Kahraman and Şimşek (2020) highlighted that monopolar connection was more economic and effective than bipolar
connection for color removal from denim production facility wastewater by the electrochemical treatment process in
their study. The distance between the electrodes was determined as 3 mm. Electrodes are rectangular and three anodes
and three cathodes were used. Electrodes are 40 mm × 200 mm × 2 mm in size.
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2.3. Optimization procedure
Optimizing an experimental system aims to most effectively adjust the functioning of that system with the help of
mathematical procedures. Optimization is the job of obtaining the best results under existing conditions. Certain decisions
need to be made about the system for the conditions that need to be optimized. The end goal of such decisions is
either to maximize the desired advantage or minimize the required effort. Many systems applied in industries today
have passed through experimental scale trials and designs, then pilot scale implementations. Therefore, each consumable
material, labor and time used in the laboratory environment has great importance. The optimization in this study
was performed to maximize the desired responses with less chemical consumption, labor and time. Nowadays, many
alternative mathematical and statistical programs have been developed for optimization. The response surface method
(RSM) mathematically models the relationship between some input variables and one or more output variables and allows
them to be analyzed statistically. The relationship between input parameters and their corresponding output parameters
(responses) in RSM is expressed through a quadratic polynomial equation given by Eq. (4) (Kıvanç and Yönten, 2020).
ŷn = β0 +

n
∑

β i xi +

i=1

n
∑
i=1

βii x2i +

n
n
∑
∑

βij xi xj + ε

(4)

i=1 J =i+1

While β0 is the fixed response value at the center of the design; βi , βij and βii symbolize the linear, interaction and
quadratic effect of regression terms, respectively. xi is the level of independent input, n is the number of independent
inputs and ε represents a random error. Eq. (4) helps to examine the individual effect and interaction relationship
R
effects of inputs on outputs in the Design Expert⃝
12.0 program. In this study, multiple regression analysis, such as
sequential sum of squares and model summary statistics, was applied by choosing the most suitable model among various
mathematical models including interactive (2FI), cubic, linear and quadratic types to efficiently define COD and color
removals (Karichappan et al., 2014). The adequacy, validity and compatibility of the selected and applied model were
supported by the analysis of variance (ANOVA) test. The ANOVA test is a parametric inferential method and is presented
to the experimenter by the program. While testing the compatibility of the model with R2 , the experimenter can determine
whether an input or input interaction affects the output by examining the p-value (probability/importance).
2.3.1. Central Composite Design (CCD)
There are many alternatives for experimental design in many versions of the Design-Expert program. The response
surface method includes optimization procedures such as Central Composite Design (CCD) and Box–Behnken design (BBD).
Box–Behnken is a rotatable or nearly rotatable second-order design class based on three-level incomplete factorial designs
(Nam et al., 2018) and can be used as an alternative to CCD. In CCD, the design can be made at 5 levels (plus and minus
alpha, plus and minus 1 and the center point), while the Box–Behnken design can be made at only 3 levels. It is an
experimental design useful in RSM by creating a second-order model for CCD outputs. CCD has three types of design
points. Of these, two-level full factorial or fractional factorial points are axial points and central points. The number of
experiments in CCD is determined by Eq. (5) (Ozturk et al., 2017).
2k + 2k + c

(5)

where k is the number of inputs and c represents the number of experiments at the center. In this study, k and c are 5.
Each value for the inputs was inserted into the program and the minimum (−1), maximum (+1) and center (0) values
were produced by the program (See. Table 1). Independent parameters such as initial PMW pH, reaction temperature (◦ C),
S.E. concentration (mM), feed rate (Q, mL/min) and current (I, A) were codded as (A), (B), (C), (D) and (E), respectively.
3. Results and discussion
3.1. CCD experiment results and multiple regression analysis
To determine the effects of the parameters on responses, experiments that were designed by RSM were carried out. pH,
Temperature (◦ C), S.E. concentration (mM), Q (mL/min) and I (A) were selected as independent variables and efficiency
on COD (response 1) and color removals (%) (response 2) were investigated. CCD experiments and results are shown in
Table 1. Based on the input data, the coded model equations obtained from the program for COD and color removal are
given in Eqs. (6) and (7), respectively. The adequacy of the model equations (Eq. (6) and Eq. (7)) to predict the optimum
response was tested experimentally under optimum conditions (See Section 3.3).
Table 1 shows an experimental program designed for the maximum, minimum, center and + and − α (determined by
CCD) values of each independent variable. The conditions of the independent variables, where highest removal efficiency
is observed for both responses, provides the experimenter with clues about the next step in the optimization procedure.
It is clear from Table 1 that the maximum removal yields for both responses were observed in run number 31. The −1,
+1, +1, −1 and +1 values of A, B, C, D and E (as coded factors), respectively, affected system efficiency at maximum
level. The effect of each independent variable is examined in detail in the next section.
COD Removal (%) (Coded) = 60.47 − 7.26[A] + 2.97[B] + 5.16[C] − 2.57[D] + 5.14[E] − 2.72
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Table 1
Experimental design and findings.
Run

(A)

(B)

(C)

(D)

(E)

COD removal (%)

Color removal (%)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

11.00 (+1)
11.00 (+1)
7.50 (0)
7.50 (0)
11.00 (+1)
4.00 (−1)
7.50 (0)
4.00 (−1)
4.00 (−1)
7.50 (0)
7.50 (0)
11.00 (+1)
7.50 (0)
11.00 (+1)
4.00 (−1)
7.50 (0)
11.00 (+1)
4.00 (−1)
11.00 (+1)
4.00 (−1)
4.00 (−1)
7.50 (0)
11.00 (+1)
4.00 (−1)
3.65 (−α )
7.50 (0)
11.00 (+1)
7.50 (0)
4.00 (−1)
4.00 (−1)
4.00 (−1)
4.00 (−1)
11.00 (+1)
11.00 (+1)
11.00 (+1)
11.00 (+1)
4.00 (−1)
7.50 (0)
11.00 (+1)
11.00 (+1)
11.00 (+1)
4.00 (−1)
7.50 (0)
7.50 (0)
4.00 (−1)
11.35 (+α )
4.00 (−1)

10.00 (−1)
10.00 (−1)
25.00 (0)
25.00 (0)
10.00 (−1)
10.00 (−1)
25.00 (0)
40.00 (+1)
10.00 (−1)
25.00 (0)
25.00 (0)
10.00 (−1)
41.50 (+α )
40.00 (+1)
10.00 (−1)
25.00 (0)
10.00 (−1)
40.00 (+1)
10.00 (−1)
10.00 (−1)
10.00 (−1)
25.00 (0)
10.00 (−1)
40.00 (+1)
25.00 (0)
25.00 (0)
40.00 (+1)
25.00 (0)
10.00 (−1)
40.00 (+1)
40.00 (+1)
40.00 (+1)
40.00 (+1)
40.00 (+1)
40.00 (+1)
40.00 (+1)
40.00 (+1)
25.00 (0)
40.00 (+1)
10.00 (−1)
40.00 (+1)
40.00 (+1)
25.00 (0)
8.50 (−α )
10.00 (−1)
25.00 (0)
10.00 (−1)

10.00 (−1)
10.00 (−1)
55.00 (0)
55.00 (0)
100.00 (+1)
100.00 (+1)
55.00 (0)
10.00 (−1)
100.00 (+1)
104.50 (+α )
55.00 (0)
100.00 (+1)
55.00 (0)
10.00 (−1)
10.00 (−1)
5.50 (−α )
100.00 (+1)
100.00 (+1)
100.00 (+1)
10.00 (−1)
100.00 (+1)
55.00 (0)
10.00 (−1)
10.00 (−1)
55.00 (0)
55.00 (0)
100.00 (+1)
55.00 (0)
100.00 (+1)
10.00 (−1)
100.00 (+1)
10.00 (−1)
100.00 (+1)
10.00 (−1)
10.00 (−1)
100.00 (+1)
100.00 (+1)
55.00 (0)
100.00 (+1)
10.00 (−1)
10.00 (−1)
100.00 (+1)
55.00 (0)
55.00 (0)
10.00 (−1)
55.00 (0)
10.00 (−1)

40.00 (+1)
10.00 (−1)
25.00 (0)
25.00 (0)
10.00 (−1)
10.00 (−1)
8.50 (−α )
10.00 (−1)
40.00 (+1)
25.00 (0)
25.00 (0)
10.00 (−1)
25.00 (0)
10.00 (−1)
40.00 (+1)
25.00 (0)
40.00 (+1)
40.00 (+1)
40.00 (+1)
10.00 (−1)
10.00 (−1)
25.00 (0)
10.00 (−1)
40.00 (+1)
25.00 (0)
25.00 (0)
40.00 (+1)
41.50 (+α )
40.00 (+1)
10.00 (−1)
10.00 (−1)
40.00 (+1)
10.00 (−1)
10.00 (−1)
40.00 (+1)
40.00 (+1)
40.00 (+1)
25.00 (0)
10.00 (−1)
40.00 (+1)
40.00 (+1)
10.00 (−1)
25.00 (0)
25.00 (0)
40.00 (+1)
25.00 (0)
10.00 (−1)

15.00 (+1)
5.00 (−1)
10.00 (0)
4.50 (−α )
15.00 (+1)
15.00 (+1)
10.00 (0)
15.00 (+1)
5.00 (−1)
10.00 (0)
10.00 (0)
5.00 (−1)
10.00 (0)
15.00 (+1)
5.00 (−1)
10.00 (0)
15.00 (+1)
5.00 (−1)
5.00 (−1)
15.00 (+1)
5.00 (−1)
10.00 (0)
15.00 (+1)
15.00 (+1)
10.00 (0)
10.00 (0)
5.00 (−1)
10.00 (0)
15.00 (+1)
5.00 (−1)
15.00 (+1)
5.00 (−1)
5.00 (−1)
5.00 (−1)
15.00 (+1)
15.00 (+1)
15.00 (+1)
10.00 (0)
15.00 (+1)
5.00 (−1)
5.00 (−1)
5.00 (−1)
15.50 (+α )
10.00 (0)
15.00 (+1)
10.00 (0)
5.00 (−1)

55.54
50.96
62.69
56.38
75.14
82.4
63.9
85.18
72.42
67
60.01
67.94
63.73
65.79
51.21
60.84
65.82
80.62
61.46
78.95
67.77
58.79
60.03
75.37
75.2
61.88
64
55.43
74.21
72.21
95.33
70.71
55.91
52.96
60.03
65.15
90.86
59.58
70.63
40.64
46.36
72.15
60.02
55.94
62.44
62.43
62.53

53.39
50.1
61.01
55.62
76.66
80.79
62.79
93.62
70.35
64.2
59.08
62.27
61.37
62.83
50.96
60.18
62.65
80.38
60.98
76.07
65.8
57.12
58.45
73.71
74.73
60.21
62.74
54.31
71.29
68.99
90.19
67.44
51.01
50.68
60.28
62.01
88.33
57.45
70.53
39.52
44.89
70.15
56.87
53.43
60.22
61.57
60.98

[AB] + 1.40[BD] + 1.67[CD] − 1.53[DE] + 6.81[A2 ]

(6)

Color Removal (%) (Coded) = 58.71 − 7.40[A] + 3.08[B] + 4.60[C] − 2.59[D] + 5.38[E] − 2.98

[AB] + 1.36[BD] + 1.96[CD] − 2.33[DE] + 6.94[A2 ]

(7)

Multiple regression analysis was performed by evaluating the experimental data obtained with Table 1 using the model
summary statistics (Table S2) and the sequential model sum of squares (Table S3). Based on the evaluation parameters,
such as R2 and p values from Table S2 and Table S3, the cubic model is found to be aliased and a quadratic model
was proposed by the program. So, it can be concluded that the cubic model cannot be used for further modeling of
the experimental data (Sridhar et al., 2015). This situation means that insufficient experimental work was completed
to independently estimate all terms for this model (Mia, 2018). Findings are in good agreement with the literature
(Maran et al., 2013; Thirugnanasambandham et al., 2016). Another parameter in determining the model is the F value
(Thirugananasambandham et al., 2014a). A high F value is effective in choosing the model (Thirugnanasambandham et al.,
2014b). When Table S3 is examined, the F value for both responses is maximum in the linear model compared to other
models. It can even be observed from Table S3 that the p value is less than 0.0001 for both linear and quadratic models.
However, as mentioned above, the R2 value plays an important role in model selection. When Table S2 is examined, the
model in which R2 is maximized with adjusted R2 and predicted R2 for both responses is the quadratic model. For this
4
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reason, the quadratic model was chosen for both responses. It is beneficial to evaluate the R2 , p and F values together
during model selection.
3.2. Impact of independent variables on responses
In many respects, it is not appropriate to include all of the parameters predicted to affect an experimental system.
However, studying the most effective parameters affecting the system shortens the experimental process and restricts
labor use and chemical consumption. ANOVA (analysis of variance) is one way to determine the degree of influence
of independent variables affecting an experimental system. ANOVA allows observation of the individual (A, B, C, D, E),
interaction (AB, AC, AD, AE, BC, BD, BE, CD, CE, DE) and quadratic (A2 , B2 , C2 , D2 , E2 ) effects of independent variables on
responses (Wong et al., 2018). A separate ANOVA table was obtained for each response. ANOVA results are shown for
response 1 and response 2 in Table S4. The importance of factors is expressed in the quadratic model with the F value
and the p-value. A p-value of less than 0.05 indicates that the effect of that factor on the response is significant. As can
be seen from Table S4, the p-value of the model is less than 0.0001 for both responses, which shows the effect of the
quadratic model on the experimental system. The F values of the model in Table S4 for response 1 and response 2 are
44.97 and 36.26, respectively, and p values are less than 0.0001 indicating that the quadratic regression used to model
the system is significant (there is only a 0.01% chance that an ‘F-value’ this large could occur due to noise). The lack of
fit values in Table S4 for response 1 and response 2 are 4.65 and 5.60, which implies there is a 7.19% and 5.22% chance
that a lack of fit F-value this large could occur due to noise, respectively. The lack of fit was not significant relative to the
pure error for both responses. The insignificant lack of fit is a sign in favor of the system and indicates that the model is
suitable for estimating the removal yields of COD and color within the specified variable range (- and + ranges see Table 1)
(Ozturk and Yilmaz, 2020). A significant lack of fit implies that there can be systematic variations in the model that are
not explained. Rodrigues et al. (2019) reported that this situation may be caused by the exact repetitive values of the
variable. According to the p-values in Table S4 for both responses, it can be concluded that A, B, C, D, E, AB, BC, BD, CD,
DE, and A2 are significant model terms and affect the COD and color removal significantly. Adequate precision measures
the signal-to-noise ratio and this ratio should be greater than 4.0 (Jeirani et al., 2013). These values are 20.718 and 24.9873
in Table S4 for response 1 and response 2, respectively. This implies that the ratio indicates an adequate signal. It also
shows that this model can be used to navigate the design area. R2 shows how potent the model is for the prediction of
the observed response and the value should be close to 1. This value was 0.9259 and 0.9097 for COD and color removal,
respectively. This means that 7.41% and 9.03% of the total variation in COD and color removal, respectively, cannot be
explained by the empirical model. Based on these values, the response surface model is satisfactory in predicting the
observed values of COD and color removals. An R2 value above 0.80 is sufficient for good model compatibility (Joglekar
and May, 1987; Rodrigues et al., 2019). Standard deviation (std. dev) refers to the square root of the variance while the
coefficient of variation (CV) expresses the square root of the coefficient of variation. The CV indicates either the remaining
change in the data or an unexplained rate of change based on the mean of the response variable (Mansouriieh et al., 2019).
In both tables, predicted R2 are in reasonable agreement with the adjusted R2 , i.e. the differences are less than 0.2.
RSM is a procedure in which the obtained data are statistically analyzed and it provides a prediction model for the
response. The agreement of the responses predicted by the program with the experimentally-obtained data increases
the reliability and applicability of the model. Fig. S1 (a) and (c) show that the consistency between predicted and actual
values for COD and color removal, respectively, is good. It is clear that the residuals for the estimation of each response are
minimum and there is a good fit between the data estimated by the model and the experimental data (Karichappan et al.,
2014). This indicates that empirical results well describe the relationship of factors to each other and the responses to
PMW treatment. Externally studentized residuals vs. predicted plot implies whether the proposed model is satisfactory. In
Fig. S1 (b) and (c), the colored marks representing COD and color removal are close to the zero axis. Data with a distribution
close to the zero axis indicates the absence of constant error (Singh et al., 2015). Also, Hassan et al. (2019) reported that
random distribution observed at a fixed interval along the zero axis indicates that no clear model confirms the initial
fixed variance assumption. The proposed model for PMW removal is satisfactory and there is no reason to suspect any
incompatibility. Bhattacharya and Banerjee (2008) highlighted that values between –3 and +3 are the acceptable limit
for externally studentized residuals vs predicted plot. Fig. S1 (b) and (d) show that the data distributions are within the
acceptable range for both responses. Consequently, the model performed well in predicting the actual response surface.
3D graphics (Figs. 1 and 2) were obtained from the program as a result of entering responses into the system. Figs. 1 and
2 show the co-effect of independent parameters on COD removal (%) and color removal (%), respectively. Figs. 1(a) and 2(a)
emphasize the significance of the co-effect of pH and temperature on COD and color removals, respectively. Significant
reductions in COD and color removals (%) were observed when the initial pH of the solution was changed between 2
and 7.5. However, removal yields increased slightly as the pH increased from 7.5 to 12. Many researchers stated that EO
shows better performance for COD and color removal under acidic conditions (Hussein et al., 2019; Rekha et al., 2019;
Szpyrkowicz et al., 2000). The high removal efficiency in acidic conditions can be attributed to the type and oxidizing
effect of the oxidants in the solution at the relevant pH. Zhou et al. (2016) explained the reason for this situation with the
disproportionate reaction (Eq. (8)) (Feng et al., 2007) of active chlorine; the predominance of hypochlorous acid (pKa of
HOCl/OCl− = 7.5 at 25 ◦ C) concentration at pH values less than 7.5, the predominance of hypochlorite ion concentrations
at higher values than pH 7.5 and the oxidation ability of hypochlorous acid (E = 1.49 V) being stronger than hypochlorite
5
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Fig. 1. Co-effect of (a) pH and Temp. (b) S.E. conc. and Q (c) I and Q on COD removal (%).

(E = 0.89 V) (Deborde and von Gunten, 2008). A similar explanation was stated by Tavares et al. (2012). De Laat and
Stefan (2018) stated that more than 99% of free chlorine is available as hypochlorite ions at pH values above 9.5 and as
hypochlorous acid between pH 3 and 5.5.
HClO ↔ OCl− + H+

(8)
•

Deborde and von Gunten (2008) stated that Cl2(aq) (E = 1.36 V) and OH are also present at acidic pH. So, high removal
could occur owing to indirect oxidation via hypochlorous acid and Cl2(aq) and direct oxidation via sorbed • OH at the Ti/Pt
surface (Ozturk and Yilmaz, 2020). NaCl was used as S.E throughout the study. In the presence of chlorine, Cl2(aq) and
hypochlorous acid production decrease due to the formation of chlorate and perchlorate (Eqs. 9 and 10) under alkaline
conditions (Parsa and Abbasi, 2007).
6HOCl + 3H2 O → 2ClO3 − + 4Cl− + 12H+ + 3/2O2 + 6e−
ClO3 − + H2 O → ClO4 − + 2H+ + 2e−

(9)
(10)

Also, as pH increases, the concentrations of CO3 2− and HCO3 − ions that scavenge hydroxyl radicals (Chiang et al., 2006) also
increase (Eqs. (11) and (12)) (Kuchtová et al., 2020). Therefore, it can be said that the oxidation of pollutants is reduced
above pH 7.5 due to the consumption of hydroxyl radicals.
HCO3 − +• OH → OH− + • HCO3
CO3

2−

•

−

•

+ OH → OH + HCO3

(11)

−

(12)

Ozturk and Yilmaz (2020) stated in their study that the percentage of adsorption of hydroxyl radicals at the Ti/Pt surface
decreases and the hydroxyl radicals convert to H2 O2 and HO2 . Relevant reactions are given by Eqs. (13) and (14) (Zaharia
et al., 2009). Therefore, at pH values greater than 7.5, organic matter oxidation occurs through OCl− , H2 O2 and HO2 , which
have less oxidizing power than hypochlorous acid and Cl2(aq) .
2• OH → H2 O2
•

(13)
•

OH + H2 O2 → HO2 + H2 O

(14)
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Fig. 2. Co-effect of (a) pH and Temp. (b) S.E. conc. and Q (c) I and Q on color removal (%).

The temperature effect can also be observed from Figs. 1(a) and 2(a). The effect of temperature is not the same for every
pollutant. In some studies, the oxidation of organic matter increases as the temperature increases; in some studies, the
opposite was observed. Generally, as the temperature increases, the diffusion rate of water molecules increases. On the one
hand, the contact between the pollutant and the electrode increases; on the other hand, the contact between the pollutant
and oxidative agents increases. It can also improve the increased temperature-mediated oxidation rate according to the
type of mediators. For example, Panizza and Cerisola (2008) reported that the oxidation rate of peroxydisulfate increases
with increasing temperature, which can positively affect the system, and that peroxydisulfate can negatively affect the
system by decomposing oxygen. They also reported that which of the two possibilities will dominate depends on the
type of organic pollutant and the reaction temperature. In addition, Tavares et al. (2012) revealed that the increase in
temperature has a slight effect on the oxidation of organics through hydroxyl radicals. A similar comment was made by
De Oliveira et al. (2011). Processes, where direct oxidation is dominant, do not change much with temperature but the
mediated oxidation rate increases with temperature due to the higher chemical rate constant in these conditions (Un
et al., 2008). Therefore, in this study mediated oxidation is dominant and the activity of the oxidative species is higher
with increasing temperature. El-Ashtoukhy et al. (2009) reported that at high temperatures the O2 overpotential on the
anode decreases, and thus O2 output from the anode increases. However, with the increase in temperature, the solubility
of Cl2 decreases and hypochlorite decreases accordingly (El-Ashtoukhy et al., 2009; Rajkumar et al., 2007). In this study, it
is thought that the positive effect of temperature increase is more dominant than the negative effect, due to the increase
in removal efficiency seen with increasing temperature.
S.E. is one of the most important parameters affecting EO. In this study, the selection of NaCl as the S.E. shows that the
intermediate oxidants formed by electrolysis in the presence of chlorine may be effective on COD and color removal. From
Figs. 1(b) and 2(b), the effect of S.E. conc. and wastewater feed rate can be observed. COD and color removals increased
remarkably when the S.E. conc. changed from 5 mM to 100 mM, dependent on mediated oxidation. As the concentration
of chloride in the solution increases, the mass transport of chloride ions to the Ti/Pt surface will increase, thus producing
more soluble chlorine (Eq. (15)). The increased amount of chlorine turns into more trichloride ions (Eq. (16)) and/or turns
into hypochlorous acid (Eq. (17)) due to hydrolysis.
2Cl− → Cl2(aq) + 2e−
−

Cl2(aq) + Cl ↔ Cl3

(15)

−

(16)
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Cl2(aq) + H2 O ↔ HClO + Cl− + H+

(17)

Depending on the medium pH, the hypochlorite ion is in a shift reaction with hypochlorous acid (Eq. (8)). More
hypochlorous acid and/or hypochlorite oxidize higher concentrations of organic matter. Therefore, high COD and color
removal observed at low pH values can be attributed to the high concentration of hypochlorous acid. Also, as a result of the
reaction of hypochlorite with hypochlorous acid, chlorate formation (Eqs. (18)–(21)) (Siddiqui, 1996), which contributes
indirectly to oxidation, and perchlorate formation (Eq. (10)) due to the hydrolysis of chlorate can be observed.
OCl− + 2HClO → ClO3 − + 2Cl− + 2H+
−

−

•

(18)

−

OH + OCl → OCl + OH
•

−

•

OH + ClO2

•

OH + • ClO2 → ClO3 − + H+

→ ClO2 + OH

(19)
−

(20)
(21)

There are many reasons why NaCl is preferred as the S.E., it is cheap, easy to supply, has a high solubility in water
and plays an important role in mediated oxidation (Ozturk and Yilmaz, 2019). Zambrano and Min (2019) investigated
the effectiveness of Na2 SO4 and NaCl for phenol removal with Pt/Ti electrodes in their study. They stated that when
they used NaCl as the S.E., they provided faster and more complete oxidation compared to Na2 SO4 . They attributed
this effect to the successful formation of active chlorine. Many studies suggest increasing NaCl concentration increases
oxidation/degradation (Fajardo et al., 2017; Sivri et al., 2020). Tavares et al. (2012) reported that an increase in NaCl
concentration (compared to electrolysis without an intermediary) caused the oxygen formation reaction to shift in stages
to more positive potential. Although the increase in S.E. positively affects oxidation, this does not mean that the use of NaCl
is/will be unlimited. According to Turkish water pollution control regulation, the chloride concentration stipulated in the
discharge of wastewater to sewage infrastructure is 10,000 mg/L, whereas 400 mg/L limit value for chloride discharge
is considered with the presence of susceptible plants in the receiving environment (TWPCR, 2004). Also, chlorinated
organic substances and chloramines are very toxic to fish and other aquatic organisms when discharged to the receiving
environment (Ozturk, 2019). For this reason, although the use of S.E. increases the removal efficiency for pollutants, the
optimum electrolyte concentration should be decided in conditions with high removal efficiency, low energy consumption
and low effluent chloride, considering the discharge standards. Tavares et al. (2012) investigated the electrooxidation of
methyl red (MR) dye with Ti/Pt electrodes in their study and found very few intermediates during indirect MR oxidation
in the presence of 0.2 g NaCl in 0.4 L synthetic dye solution at a current density of 40 mA/cm2 . However, they found
that chlorinated compounds formed during indirect electrochemical oxidation were completely removed when oxidation
was completed. Since by-products produced during electrolysis were not detected in this study, further studies should be
completed to confirm the presence/absence of toxic by-products.
A substantial correlation between the COD removal (%) and Q, and color removal and Q, can be seen from Figs. 1(b)
and 2(b), respectively. Both figures show that when the feed rate changed from 8 mL/min to 40 mL/min, COD and color
removals decreased from 64 to 40% and 63 to 39%, respectively. Low wastewater feed rates allow increased retention time
of the contaminant in the reactor, providing sufficient time for oxidation, so the observed high COD and color removal can
be explained in this way. At high feed rates, contaminants leave the system without being oxidized enough, which may
explain the low removal efficiencies. Lang et al. (2020) explained that the low removal efficiency seen at high feed rates
was not only due to the reduction in the retention time of pollutants in the reactor but also to the low accumulation of free
chlorine during this time. The opposite is also possible; high removal rates occur at high flow rates with mass transfercontrolled reactions. Similar situations were observed and reported elsewhere (Klidi et al., 2018; Souza and Ruotolo, 2013).
Feed rate is not only a parameter affecting removal efficiency but also a parameter that affects energy consumption values.
Increasing the retention time of the wastewater in the system may increase the system cost by causing more energy
consumption; on the other hand, more power may be required for the pump at high feed rates, which may result in
more energy consumption. In such cases, it is necessary to optimize the system for conditions where removal efficiency
is high and energy consumption cost is low. In this study, after determining the effect of each parameter, the system was
optimized before numerical optimization of these conditions (Section 3.3).
Figs. 1(c) and 2(c) show the combined effect of wastewater feed rate and current on COD and color removal,
respectively. As seen in Figs. 1(c) and 2(c), when the current increases from 4 A to 15 A, the COD and color removal
efficiencies increase more than 1.5 times and almost two times, respectively. These results can be attributed to the increase
in the amount of surface oxides attached to the anode surface and the chemisorbed oxygen. Increasing current increases
the concentration of active chlorine and other chlorinated oxidizers depending on mediated oxidation and enhances
oxidation. Another approach to explain this situation was given by Araújo et al. (2014). They stated that active anodes
prevent film formation at high current densities and/or remove the formed film. Therefore, increased removal efficiency
at high currents can prevent poisoning of the anode, which leads to a decrease in catalytic activity in this way. Oukili and
Loukili (2019), in their study investigating methyl orange removal using Ti/Pt electrode, explained the increasing color
removal with increasing current as follows; increased current increases active chlorine production, which destroys the
conjugated chromophore system of Methyl Orange faster, resulting in higher color removal rate. However, applying very
high current not only increases energy consumption but also causes heat generation in the system. For this reason, the
current must be optimized as with every parameter affecting the system. It is obvious from Figs. 1(c) and 2(c) and Table 1
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that when even 5 A current is applied to the system, the COD removal efficiency is over 40% and the color removal is over
35%. This shows that the oxidation depends on the anode type and that oxidation can be carried out both directly and
indirectly (Ozturk and Yilmaz, 2020). Since the current applied to the system directly affects the electrochemical reaction,
the optimization of the parameter becomes important. The reflection of the applied current in the system is related to the
electrode material. Active anodes (Ti/IrO2 , Ti/RuO2 , etc.) are more effective than inactive anodes (BDD, β -Pb/PbO2 , etc.) for
electro generation of oxidants such as active chlorine species (Panizza and Cerisola, 2009). Ti/Pt electrodes are classified
as active anodes. While the direct oxidation of organic substances occurs with a small amount of OH radicals adsorbed
on the anode surface (S) in acid and neutral pH (Eq. (22)), it takes place in alkaline conditions through the hydroxide ion
(Eq. (23)) (Belkacem et al., 2017; Rabaaoui and Allagui, 2012).
S + H2 O → S(• OH) + H+ + e−
−

•

S + OH → S( OH) + e

(22)

−

(23)
•

The strong interaction between the anode surface and the formed OH causes weak covalently-bonded chemisorbed
oxygen (SOx ) on the anode surface (Comninellis, 1994) under anodic polarization (Eq. (24)) (Ozturk and Yilmaz, 2020;
Tavares et al., 2012). This SOx contributes to the partial degradation of pollutants (P).
P + SOx → S + POx

(24)

With S(• OH) produced on the anode surface, it is possible to oxidize partially oxidized organics (POx ) to much smaller
structures (R). However, wastewater from paint production facilities contains complex pollutants and it may not be
possible to decompose the pollutants into end products such as CO2 and H2 O with these reactions. However, much smaller
structures, along with CO2 and H2 O, may be the products of the possible reaction (Eq. (25)) (Martínez-Huitle and Panizza,
2018).
S(• OH) + POx → S + H2 O + CO2 + R

(25)

Bunce and Bejan (2014) stated that oxygen transferring from covalently-bonded surface oxides to organics will not initiate
free radical formation and mineralization of complex materials is rarely possible with active anodes. They also pointed
out that the surface of the active anodes acts as a mediator and oxidation is selective. Comninellis (1994) pointed out that
the concentration of the hydroxyl radical adsorbed on the anode surface must be almost zero for the selective oxidation of
organics. Comninellis (1994) also reported that higher oxide is formed at potentials above the thermodynamic potential
for O2 formation and that these oxides can be considered to have high concentrations of oxygen vacancies and support
the selective oxidation of organics.
3.3. Findings of numerical optimization
In this study, the effect of five independent variables on two dependent variables was determined and the system
was numerically optimized for these independent variables. With numerical optimization, it is possible to measure
how good a solution is and predict what the answers will be at varying values for independent parameters without
experiments. In numerical optimization, the desired independent variables can be adjusted in different ways. For example,
it is possible to set each of the parameters as ‘in range, minimum, maximum, target’. The experimenter chooses the best
solution by taking into account many factors such as cost calculations, evaluation of standards, etc. In this study, before
numerical optimization, all the variable parameters were chosen as ‘in range’, while the COD and color removal were
maximized. Table 2 contains the solutions proposed by the system and the corresponding responses to these solutions.
When evaluating optimization options, the first thing to be considered is whether the pollutant parameters abide by the
discharge standards. According to Turkish water pollution control regulations (TWPCR, 2004), the allowed value for the
receiving media is 200 mg/L for COD concentration, while the permissible value for color concentration is 280 mg/L for
wastewaters from paint production and similar facilities. The effluent COD and color concentrations for the first four
solutions proposed by the system met the discharge standards, while the others did not. Therefore, solution suggestions
numbered 5, 6 and 7 were excluded from the optimization evaluation. It is clear from Table 2 that the maximum COD
and color removal efficiency were observed in solution number 1. It can be seen that the energy consumption value of
solution number 1 is high due to the high applied current and the long retention time of wastewater in the system. The
aim is to maximize removal efficiency enough to meet discharge standards on the one hand and to minimize system
energy consumption (hence system cost) on the other hand. In this respect, alternative number 1 was not considered
for optimization. Although solution number 2 provides a lower cost compared to the first and second solutions, it has a
higher cost than solution numbers 3 and 4. Since the discharge standards were met by solutions 3 and 4, solution number
2 was not evaluated. As can be seen from solutions 3 and 4, the cost is at the lowest possible level. Therefore, these two
solutions were focused on during the next step of the evaluation process.
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Table 2
Solutions for system optimization offered by RSM.
Solution
1
2
3
4
5
6
7
a

a

pH

Temperature (◦ C)

S.E. Conc. (mM)

Q (mL/min)

I (A)

COD (%)

Color (%)

E (kWh/m3 )

SEC (kWh/kg COD)

4.00
4.00
4.00
4.00
5.37
11.00
8.00

40.00
40.00
39.78
39.99
40.00
11.12
30.77

100.00
100.00
100.00
100.00
10.00
100.00
99.94

10.00
38.95
39.77
40.00
11.15
10.26
10.00

15.00
10.00
6.800
5.21
15.00
15.00
15.00

90.17
86.12
82.69
80.54
78.91
74.01
72.19

89.09
84.06
80.85
78.68
80.09
72.24
70.44

159
18
11.36
8.51
142.60
154.97
159

160.30
19.51
12.56
9.61
164.28
190.34
200.23

Conditions which provided maximum removal efficiencies.

Table 3
Estimated cost calculations for the proposed optimization of solutions.
Solution

Cost (NaCl usage) ($)

Energy cost (electricity usage) ($)

Cost (H2 SO4 usage) ($)

Total cost ($)

3
4

0.26
0.26

0.87
0.66

0.10
0.10

1.23
1.02

Cost analysis can be deepened by evaluating the chemicals used in the next stage. Even though the amount of NaCl
and H2 SO4 spent per ton of wastewater are the same for both solutions, the cost calculation was made. The results are
given in Table 3. Energy consumption calculations were made based on Turkey’s market values. The average electricity
price is 7.7 cents/kWh for Turkey in August 2020. Although the retention time of the wastewater is the same in both
solutions, the energy cost difference seen in Table 3 depends on the applied current. As the current density increases,
the potential difference in the system increases and the energy consumption values increase. In such cases, the most
economical alternative should be preferred. According to market research, 1 ton of NaCl (99.99% purity) is approximately
$ 45 in 2020. The amount of NaCl used in both solutions was calculated as 0.0058 ton/m3 wastewater. To reduce the
pH value of 1 ton of wastewater from 7.3 (natural value) to 4, 18.4 M sulfuric acid can be used. As a result of market
research about sulfuric acid, which is among the least expensive acids, the cost is about $ 150 per 1 ton. The corresponding
cost per ton of wastewater is about $ 0.10. As a result, it was decided that the best alternative from the two solutions
proposed by the program was number 4. Thus, the cost calculated to treat 1 ton of wastewater in an industrial system
operated according to solution number 4 will be $ 1.02, COD and color removals were predicted to be 80.54% and 78.68%,
respectively.
The parameters of solution number 4 in Table 2 were determined as optimum points. As a result of the experiments
carried out at optimum points, the effluent was characterized and compared with the values before treatment (Table 4).
The COD removal efficiency was found 80.95%, which is very close to the value estimated by the model (80.54%), and the
color removal efficiency was found (79.12%) to be close to the predicted (78.68%) value. So, the data obtained from the
laboratory experiment conducted under the optimized conditions demonstrated the validity of the optimized conditions.
Also, this result shows that the selected quadratic model fits the system very well.
Based on the data observed in Table 4, it is clear that the wastewater treated under optimum conditions complies
with the discharge limits. When the data in Table 4 are considered in terms of the reusability of the treated wastewater,
it is clear that the metal concentrations in wastewater do not differ between the input and output water. For the reuse
of wastewater treated according to Wastewater Treatment Plants Technical Procedures Communiqué (TMEF, 2010), reuse
standards for Fe, Pb, Cr, Co, Cd are met, while the allowable maximum limit value of 5 mg/L for Al could not be achieved.
The data for the metals were not obtained by the EO process, but were data for untreated wastewater and did not change
dramatically after EO. However, as seen in Table 4, there is a very low amount of metal reduction in the effluent. Metals
in wastewater tend to accumulate on the cathode surface by reducing from ion form to metal form depending on the
cathode potential (Grimshaw et al., 2011). The reduction in metal concentration can be attributed to this. Finally, the
criteria for the reuse of such wastewater could not be met. In light of the data obtained, it can be concluded that the
EO process meets the discharge standards under optimum conditions determined for the paint industry wastewater, but
cannot meet the reusability standards.
Although electrochemical treatment technologies cause concerns about energy consumption, they are generally
successfully applied as wastewater treatment processes. The comparison of the electrochemical processes discussed in
the literature for dye-containing wastewater and the EO process used in this study is given in Table 5.
One of the factors limiting the application of electrochemical processes is system cost. In electrochemical processes,
the first factor that constitutes the cost of the system is the amount of energy consumed. As shown in this study, the
use of electrolyte has a positive effect by contributing to oxidation for the removal of pollutants while reducing energy
consumption values. As can be seen in Table 5, treatment efficiency and energy consumption in the treatment of PMW
with EO were successfully optimized. In addition, it was shown that it is possible to predict (using Eqs. (6) and (7)) what
the responses (COD and color) will be at different operating parameter values when dealing with similar wastewater and
experimental system.
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Table 4
Characteristics of PMW before and after EO.
Parameter

Before EO

After EO

Discharge limit (TWPCR, 2004)

COD (mg/L)
TOC (mg/L)
TSS (mg/L)
Color (mg/L Pt-Co)
TN (mg/L)
Oil-Grease (mg/L)
EC (mS/cm)
pH
Temperature
Al (mg/L)
Fe (mg/L)
Cd (mg/L)
Cr (mg/L)
Co (mg/L)
Pb (mg/L)

965
265
110
715
25
375
11.93 (set)
4.00 (set)
25
9.58
3.33
0.0005
0.11
0.005
1.28

183.83
78.71
40
149.292
10.35
125
7.48
5.75
39.9
9.37
3.25
0.0004
0.10
0.043
1.17

200
–
60
280
–
–
–
6–9
–
–
30
–
2
–
2

Table 5
Comparison of electrochemical treatments for dye-containing wastewaters.
Industry

Process

J
(mA/cm2 )

I
(A)

COD
removal (%)

SEC
(kWh/kg COD)

E
(kWh/m3 )

Cost

Paint
Textile-based dyeing
Textile
Paint

EC
EC
EF
EO

14.4
8.93
–
4.93

–
–
0.32
5.21

70
79
100
80.54

–
–
1.306
9.61

16.53
18.44
0.79
8.51

1.63
1.83
3.13
1.02

References
e/m3
$/m3
$/m3
$/m3

Rajaniemi et al. (2019)
Prajapati et al. (2016)
Kaur et al. (2019)
This Study

Conclusions
This study was carried out to optimize the removal of color and COD in PMW using an electrochemical oxidation system
with Ti/Pt anodes. The ANOVA results of the reduced quadratic model (p-value <0.0001) for both responses and the fit
statistics (Lack of fit: 4.65 and 5.60) showed that the models can accurately estimate color and COD removal. Almost
all of the five independent variables had significant individual impact on both responses. For color and COD removal,
optimum conditions were determined for pH, temperature, NaCl concentration, feed rate and current as 4, 39.99 ◦ C,
100 mM, 40 mL/min and 5.21 A, respectively. According to the experiment results under optimum conditions, COD and
color removal were found to be close to predicted values proposed by the system at 80.95% (80.54% predicted) and 79.12%
(79.68% predicted), respectively. To treat 1 m3 of PMW under optimum conditions, the energy consumed and cost for the
system were calculated as 8.51 kWh/m3 and $ 1.02, respectively. Although the effluent met the discharge standards for the
receiving environment after the EO process, it did not meet the reuse criteria for such wastewater. To ensure reusability
standards are met, chemical coagulation and filtration processes can be applied in addition to the EO process to ensure
removal of inorganic contaminants.
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