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a b s t r a c t
The aim of this work was to formulate an empirical model using the data of the electrochemical 
treatment of cattle slaughterhouse wastewater. The empirical model was developed using response 
surface methodology with optimal design considering an irregular process space. As oper-
ational factors, current density, influent pH, flow rate, supporting electrolyte (NaCl or Na2SO4) 
concentrations, and H2O2 concentrations were examined. Under these circumstances, the aim was 
to represent the optimal region shown generally as a surface by obtaining the lowest possible 
value of chemical oxygen demand (COD). Therefore, as an outcome of experimentation, for cur-
rent density, flow rate, initial pH of wastewater, and concentrations of H2O2 and Na2SO4, a linear 
effect was obtained on the removal of COD. The factors that have a quadratic effect on the removal 
efficiency of COD are pH and H2O2. There are interactive effects between current density and flow 
rate, between current density and H2O2 concentration, and between pH and flow rate on removal 
efficiency of COD. The best-fitting model was defined with a coefficient of multiple determination 
value (R2) of 93.90%. In optimal conditions, according to the model, the removal efficiency of COD is 
maximized as 91.34% when the following conditions are utilized: current density of 32.36 mA/cm2, 
pH of 4.07, the flow rate of 1,185.12 mL/min, the concentration of H2O2 of 0.005 M, and concen-
tration of Na2SO4 of 0.008 M. The results showed that the model is appropriate for determining 
the factors for the electrochemical treatment of cattle slaughterhouse wastewater.

Keywords:  Design of experiment; Electrocoagulation; Response surface methodology; Slaughterhouse 
wastewater; Wastewater treatment

1. Introduction

Processes such as slaughtering, processing, and wash-
ing of the equipment cause large amounts of wastewater 
in slaughterhouses [1]. Because slaughterhouse waste-
water contains high concentrations of organic matter, it 
needs to be treated [2]. Moreover, some potential patho-
gen strains such as Escherichia coli and Salmonella could be 
present in these wastewaters [3]. Mainly aerobic [4,5] and 

anaerobic [1,6–9] treatments of slaughterhouse waste water 
were studied by researchers. The high energy required 
for aeration and the huge amounts of sludge produced is 
the disadvantages of aerobic treatment [10]. On the other 
hand, the accumulation and floating of fats in the reactor 
in anaerobic treatment may cause a reduction in methano-
genic activity and biomass wash-out, which slow down the 
treatment [10]. An alternative wastewater treatment tech-
nology is electrochemical treatment. The advantages of 
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electrochemical treatment are using ordinary equipment, 
applying the method easily, producing low amounts of 
sludge, and operating at ambient temperature [11,12]. One 
of the electrochemical treatment methods is electrocoagu-
lation. In electrocoagulation, electrolytic oxidation of the 
electrode forms the coagulants [13]. The contaminants 
and particulate suspension become unstable and unstable 
particles aggregate to form flocs for phase separation [13].

Electrocoagulation, which involves iron electrodes [11] 
and aluminum electrodes [2], can be summarized according 
to the reactions shown below.

For iron electrodes:
Process I:
Anodic reaction:
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For aluminum electrodes:
Anodic reaction:

Al Al eaq� �� �
� �3 3  (7)

Reaction in solution:

Al H O Al OH Haq l aq( )
+

( ) ( )
++ → ( ) +3

2 3
3 3  (8)

n n n
Al OH Al OH� � � � �3 3

 (9)

The treatment of slaughterhouse wastewater using 
electrocoagulation has been investigated in different ways 
by researchers. Bazrafshan et al. [14] used a bipolar con-
figuration system with four parallel aluminum electrodes 
for the electrocoagulation of cattle slaughterhouse waste-
water (CSW). The chemical oxygen demand (COD) was 
decreased from 5,817 to 13 mg/L. Bayar et al. [15] investi-
gated the electrocoagulation of poultry slaughterhouse 
wastewater using five aluminum cathodes and five alu-
minum anodes in a Plexiglas reactor and the COD of the 
wastewater was reduced from 2,170 to below 300 mg/L after 

30 min of electrocoagulation. Siringi et al. [16] examined the 
electrocoagulation of meat and poultry processing waste-
water using five iron electrodes in Plexiglas and KASELCO 
reactors separately and 95% COD removal efficiency 
was the highest removal efficiency achieved.

Despite a huge amount of scientific research has been 
on the treatment of slaughterhouse wastewater by elec-
trocoagulation, little has been done to formulate empiri-
cal models [17,18]. In addition, a number of investigations 
have used response surface methodology (RSM) for optimi-
zation of the parameters of wastewater treatment [19–23]. 
Thus, an empirical model for several design factors like 
current density, pH, flow rate, supporting electrolyte, and 
hydrogen peroxide (H2O2) was developed through RSM to 
optimize the operational conditions for treatment of CSW 
using electrocoagulation. The present study uses an inno-
vative approach that emphasizes an optimal design consid-
ering an irregular process space by using six operational 
factors. For current density, influent pH, flow rate, and 
concentrations of supporting electrolyte Na2SO4 and H2O2, 
the experiments were designed considering four different 
levels and with the supporting electrolyte, NaCl consider-
ing three different levels. The custom design option rep-
resents flexibility for the number of levels for each factor; 
some of the levels of factors are allowed to be symmetrical 
and some are not (Table 1). This helps researchers to avoid 
examining unnecessary, predefined, heuristically known 
experiment combinations.

2. Materials and methods

2.1. Wastewater and experimental details

The CSW used in this work was obtained from a local 
cattle slaughterhouse in Eskişehir, Turkey. The waste water, 
which included washing water as well, was obtained prior 
to its entering the conventional treatment plant of the 
slaughterhouse. The initially measured values of the CSW 
were as follows: COD of 840 mg/L, the biochemical oxygen 
demand of 520 mg/L, the conductivity of 18.00 mS/cm, and 
pH of 7.0.

Table 1
Factors and levels of experiment

Name Unit L1 L2 L3 L4

A – current density mA/cm2 10 20 30 40
Coded –1 –0.3333 0.3333 1
B – pH 3 5 7 9
Coded –1 –0.3333 0.3333 1
C – flow rate mL/min 240 600 1,000 1,400
Coded –1 –0.379 0.310 1
D – H2O2 M 0 0.02 0.04 0.08
Coded –1 –0.5 0 1
E – Na2SO4 M 0 0.05 0.1 0.2
Coded –1 –0.5 0 1
F – NaCl M 0 0.05 0.1
Coded –1 0 1
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The electrocoagulation experimental setup is shown in 
Fig. 1. A laboratory-scale iron reactor, which was operated 
in recycling batch mode, was used for all the experiments. 
The iron reactor (750 mm in height, 35 mm in diameter, 
and 675 mL in effective volume) was used as the cathode. 
Three iron rods (11 mm in outer diameter and 720 mm in 
height) were located inside the reactor and employed as 
anodes (Fig. 1). All the electrodes were arranged vertically. 
The anodes were connected to the positive terminal and the 
cathode was connected to the negative terminal of a direct 
current (DC) power supply. A peristaltic pump was used to 
introduce 800 mL of CSW into the upflow reactor in each 
experiment.

pH was adjusted using H2SO4 or NaOH (1 N, Merck, 
Darmstadt, Germany) to a desirable value for examining the 
effect of pH before each experiment. The supporting elec-
trolytes Na2SO4 (Merck, Darmstadt, Germany) and NaCl 
(Merck, Darmstadt, Germany) were used in the experiments 
to investigate their effects. All chemicals used were analyti-
cal grade [24].

The initial concentration of COD in the CSW was 
measured. After that, a power supply (Statron T 25, Mägenwil, 
Switzerland) provided the current. Each run was conducted 
for 90 min with a constant current applied. A pH meter 
(Hanna Instrument 301 , Rhode Island, USA) and a conductiv-
ity meter (Radiometer Pioneer 30) were employed to measure 
the pH and the conductivity throughout the experiments, 
respectively. At the end of the experiments, the samples were 
collected from the effluent at periodic time intervals and cen-
trifuged [23]. The closed reflux method [25] was performed 
to measure the COD of the effluent. Each sample was ana-
lyzed in duplicate. The iron shell and iron rods were washed 
thoroughly with dilute H2SO4 to polish them and washed 
with purified water at the beginning of each experiment [24].

2.2. Effects of current density, flow rate, pH, supporting electrode, 
and H2O2 on COD concentration

The electrocoagulation process is affected by numerous 
parameters.

Depending on Faraday’s law, current density determines 
the amount of Fe2+ ions released in the electrocoagulation 
system and this phenomenon results in the appearance of 
coagulant as well [26].

m itM
nF

=  (10)

where m, mass of iron dissolved (g Fe/cm2); i, current density 
(A/cm2); t, time (s); M, molecular weight of Fe (M = 55.85 
g/mol); n, number of electrons involved in the oxidation 
reaction (n = 2); and F, Faraday’s constant, 96,486 C/mol [26].

Flow rate, which can also be related to retention time, 
is another crucial parameter in the electrocoagulation 
system [19]. The reactants are carried to the surface of the 
electrode before the electrochemical conversion occurs. 
As a consequence of electrochemical conversion, the prod-
uct formed, which is transferred from the electrode, is a 
coagulant [19]. Correspondingly, the removal efficiency of 
COD increases because a rising flow rate leads to a boost 
in mass transfer.

Electrocoagulation is affected by the initial pH 
because pH determines the type of iron hydroxide species 
that appear during the electrocoagulation process [24]. 
Depending on the Pourbaix diagram of iron, the forma-
tion of soluble iron hydroxide species occurs at low and 
high pHs. The appearance of a hydroxide complex, which 
is Fe(OH)4–, becomes dominant at a high pH and inhibits 
the development of flocs [19]. At an extremely acidic pH, 
the collapse of hydroxide ions leads to the appearance of a 
deficient amount of iron hydroxide [19]. Therefore, a value 
approximate to neutral pH can be considered to achieve 
higher COD removal efficiency.

The electrolytic conductivity of the water affects waste-
water treatment using electrochemical processes. Current 
efficiency is enhanced by minimizing the resistance between 
the electrodes using a supporting electrolyte. Thus, the 
maximum removal efficiency in an electrocoagulation 
reactor can be achieved.

The presence of H2O2 is also influential in electro-
coagulation. Certain hydroxyl radicals occur because 
of Fenton reactions and these hydroxyl radicals can be 
described as vigorous non-selective oxidants [24]. Because 
of oxidation, the removal efficiency of COD increases in 
electrocoagulation.

2.3. Design of experiment

Obtaining valid and objective conclusions is the aim of 
planning and conducting experiments and so the design 
of experiment (DoE) is a method for conducting correctly 
outlined experiments considering progress. With a prede-
termined chart for a group of experiments and evaluating 
the data in line with specific methods, it is possible to 
obtain a large amount of information from small experi-
ments. More than one variable can be examined at a time, 
so the experiment is less costly. Additionally, interactions 
between variables can be defined. Usually, experimen-
tal design involves a series of experiments that start by 
looking broadly at a large number of variables and then 
focus on a few critical ones [27].

2.4. Response surface methodology

First proposed by Box and Wilson [28], RSM is a tool 
using mathematical and statistical methods help to create 

Fig. 1. Electrocoagulation experimental set-up.
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models. The relationship is examined between some input 
variables and one or more output variables, which is a 
response, and the objective is optimizing that so-called 
response [29]. This methodology basically provides opti-
mization with the help of polynomials fitted to the data 
obtained through predetermined experiments. In the 
response surface method, although quadratic polyno-
mials are generally used to model complex systems, it is 
possible to use higher-order polynomials. In this method, 
xi represents the variables that should be more than one 
and y expresses the response as a value that needs to be 
optimized. The relation between xi and y is shown as a 
function of xi expressed in several levels:

y = f(x1, x2, x3, …, xi, …, xk) + e (11)

where e shows the error or the noise inspected in the 
response y, xi is the independent variable i at xi, and k at 
xk shows the number of variables. The expected response 
is called the response surface and is denoted as follows:

E(y) = f(x1, x2, x3, …, xi, …, xk) (12)

Generally, in this type of problem, the structure of the 
interconnection between the independent variables and 
the response is not known. Therefore, the first action of 
the RSM is to check conditions to build a convenient esti-
mation to reflect the accurate functional interconnection 
between y and all variables. If there is only a linear relation 
between input variables, the approximation function will be 
a first-order model.

y = β0 + β1x1 + β2x2 + … + βixi + … + βkxk + e (13)

If there is an incurvation in the system, the response is 
modeled by a higher degree polynomial function acting as 
a second or higher-order model. The approximation func-
tion of the second-order mathematical model will include 
linear, nonlinear, and/or two-factor interaction terms of xi 
variables.

y x x x x
i

k

i i ii i ij i j
i ji

k

= + + + +
= <=
∑ ∑ ∑∑ β β β β ε0

1

2

1
 (14)

Analysis of variance (ANOVA) is developed based on 
subdividing the total variability into segments. The ANOVA 
table represents a statistical check of the adequacy of the 
approximation functions or mathematical models. The 
ANOVA table includes the sum of squares, which is used 
as a measure of the overall variability in data. Secondly, 
the ANOVA table includes degrees of freedom. It gives 
the number of values used in the exact determination 
of statistics to be free to change. Estimates of statistical 
parameters can be based on different amounts of data or 
information. Thirdly, the ANOVA table includes the mean 
square, which determines whether factors (treatments) 
are significant. The treatment means square is obtained by 
dividing the treatment sum of squares by the degrees of 
freedom. The treatment means square represents the vari-
ation between the sample means, the F-ratio, which can 

be regarded as the basis of ANOVA. It enables simultane-
ous comparison of all sample means to determine whether 
two or more sample means represent different means and 
the calculated F-value is decided on by comparing it with 
the critical value determined according to a certain alpha 
level and degree of freedom. Finally, the p-value is a crit-
ical element of the ANOVA table. It indicates the amount 
of possible error when a “statistically significant differ-
ence” decision is made for comparison. The maximum 
acceptable level of this error is suggested and accepted as 
0.05. If the p-value found in a test result is below 0.05, it 
means that there is a significant difference as a result of the  
comparison.

There is another indicator, called desirability. A func-
tion was described by Myers and Montgomery [29] that 
makes use of an objective function, called the desirability 
function. It reflects the desirable ranges for each response 
(di). The desirable ranges are from zero (least desirable) 
to one (most desirable). The objective function is a geo-
metric mean of all response values. It also represents 
the optimum conditions for numerical optimization.

D d d d dn
n

i

n

i

n
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∏1 2
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3. Results and discussion

3.1. Proposed models as functions

In the present study, in a random order, 25 experi-
mental trials were completed in keeping with the optimal 
(custom) design, which allows a flexible design struc-
ture to accommodate custom models, categorical fac-
tors, and irregular (constrained) regions. The software 
Design-Expert 11.0.5.0 (Stat-Ease Inc., Minneapolis, MN, 
USA) was used to obtain the results. The operating fac-
tors, which are independent variables, used in the present 
study are current density (A), pH (B), flow rate (C), H2O2 
(D), Na2SO4 (E), and NaCl (F). The response is COD value 
(Y), considered the dependent factor. The performance of 
the design was evaluated by analyzing the minimization 
of the COD value. The results of the experiment are given  
in Table 2.

The calculations were performed by using the coded 
scale for coefficients of regression model computations. 
The lowest value setting for each factor is –1 and the high-
est value is +1 and how other levels are calculated is 
expressed by the formula below. Both the coded and actual 
scale models for factors were provided and are shown in  
Table 1 [30].

Coded
Actual setting Average actual setting

Range between lo
=

⋅ −( )2
ww and high actual settings( )  (16)

The ANOVA results for the current investigation at a 
95% confidence interval are summarized in Table 3. The 
model’s significance is proved by an F-value of 18.18. If the 
p-value is less than 0.05, this indicates that the model terms 
are significant. In the present study, A, E, AC, BC, BD, B², 
and B²E are significant model terms. If the p-value is greater 
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than 0.10, this indicates that the model terms are not sig-
nificant. It is clear that because of the lack of fit F-value 
is 0.52, this value is not significantly related to the pure 
error. Because fit to the model is wanted, a non-significant 
lack of fit is required.

The actual mathematical model is as follows:

y =  1,083.51408 + 1.78247 × Current density – 174.11766  
× pH – 0.539299 × Flow rate – 6,556.82303 × H2O2  
+ 7,424.00125 × Na2SO4 – 0.009768 × (Current density  
× Flow rate) + 0.122433 × (pH × Flow rate) + 1,304.68254 
× (pH × H2O2) – 2,096.37694 × (pH × Na2SO4) + 5.73977  
× pH² + 170.72895 × (pH² × Na2SO4) (17)

The coded mathematical model is as follows:

y =  399.95 – 93.41A1 + 127.74B1 – 28.36C1 + 50.85D1  
+ 99.20E1 – 84.98A1C1 + 213.03B1C1 + 156.56B1D1  
– 14.29B1E1 + 205.31B1

2 + 153.66B1
2E (18)

In this formula, y is coded COD concentrations, A1 is 
coded current density, B1 is coded pH, C1 is coded flow rate, 

D1 is coded H2O2, and E1 is coded Na2SO4. To make pre-
dictions considering the response for defined levels of any 
factor, the formula created for coded factors can be used. 
By checking the factor coefficients, the formula created for 
coded factors is effective for calculating the relative impact 
of each factor.

Table 4 also gives the R2 and R2
adj values for the formula 

created. These values clearly show that the model has 
sufficient capacity for the proposed mathematical mod-
els of the COD removal efficiency problem. Because the 
difference is less than 0.2, it is obvious that the predicted 
R2 of 0.7380 is in line with the adjusted R2 of 0.8873. The 
signal-to-noise ratio is measured by adequate precision. It 
analyzes the range of the predicted values by a formula to 
the average forecasting error. The ratio should be greater 
than 4. In this table, the ratio is 18.818 and it represents an 
adequate signal. Thus, it is inferred that the proposed model 
is appropriate to represent changes in the design space.

3.2. Diagnosing the model

The diagnostic details can best be grasped by view-
ing the most important diagnostic plots available such as 

Table 2
Results of experiment with actual values

Run Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Response Removal 
efficiency (%)A – current 

density (mA/cm2)
B – pH C – flow rate 

(mL/min)
D – H2O2 (M) E – Na2SO4 (M) F – NaCl (M) COD (mg/L)

1 30 9 600 0 0 0 198 76.43
2 40 7 600 0 0.05 0 288 65.71
3 40 7 600 0 0.2 0 386 54.05
4 40 7 240 0 0.1 0 235.2 72.00
5 40 3 600 0.02 0 0 268.8 68.00
6 10 9 240 0.04 0 0.05 312.5 62.80
7 10 5 1,000 0.02 0.05 0.1 399.2 52.48
8 10 7 1,000 0 0 0 390 53.57
9 10 7 240 0.02 0.1 0.05 400 52.38
10 40 3 600 0.04 0 0 252 70.00
11 40 5 600 0.08 0 0 235.2 72.00
12 20 5 240 0 0 0 354 57.86
13 20 3 1,000 0 0 0 299 64.40
14 40 7 1,000 0 0.1 0 252 70.00
15 40 7 600 0 0.05 0 202 75.95
16 40 7 1,400 0 0.1 0 235.2 72.00
17 20 7 600 0 0 0 235 72.02
18 30 7 600 0 0 0 202 75.95
19 40 7 600 0 0 0 159.6 81.00
20 40 7 600 0 0.05 0 288 65.71
21 40 3 600 0 0.1 0 604.8 28.00
22 40 7 600 0 0 0.05 201.6 76.00
23 40 5 240 0 0.1 0 504 40.00
24 40 9 600 0 0.1 0 403.2 52.00
25 40 7 1,400 0 0 0 84 90
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normal probability plots of the residuals and residuals 
vs. predicted and run plots. In Fig. 2, the data points are 
approximately linear. There is a linear pattern and there is 
no pattern like an S-shaped curve. If there is an S curve in 
the pattern, it could show non-normality for the error term, 
meaning the need for transformation. Based on these results, 
there is no sign of a problem.

In Fig. 3, it is seen the plot represents predicted values 
vs. actual values. This plot demonstrates the effect of the 

model and makes a comparison with the null model. If there 
is no point far from the fitted line or out of the confidence 
lines and all of the points are close enough, there is a good 
fit; so here the data points are close enough to the fitted  
line.

In Fig. 4, the plot represents the residuals vs. predicted 
values (a) and run (b). These plots do not show any pattern. 
Therefore, they are not related and distributed randomly; 
hence there is really no evidence of a significant prob-
lem because all points are within the red control limits. 
This is important to be able to assume the model is correct.

There is a quadratic relationship between COD and 
pH, current density, flow rate, H2O2, and Na2SO4. A three- 
dimensional response surface plot of COD vs. current den-
sity and pH can be seen in Fig. 5a–d. Moreover, there is 
no linear relationship between COD and other factors.

In Fig. 6, according to the model, the optimal conditions 
have been determined. Compared to the best result obtained 

Table 3
ANOVA for reduced cubic model by using Type III – partial sum of squares

Source Sum of squares df Mean square F-value p-value

Model 2.924 × 105 11 26,584.72 18.18 <0.0001 Significant
A – current density  (mA/cm2) 66,637.03 1 66,637.03 45.57 <0.0001
B – pH 3,351.22 1 3,351.22 2.29 0.1540
C – flow rate (mL/min) 3,747.49 1 3,747.49 2.56 0.1334
D – H2O2 (M) 6,759.95 1 6,759.95 4.62 0.0510
E – Na2SO4 (M) 27,861.53 1 27,861.53 19.05 0.0008
AC 18,782.08 1 18,782.08 12.84 0.0033
BC 18,908.19 1 18,908.19 12.93 0.0033
BD 9,761.84 1 9,761.84 6.68 0.0227
BE 196.72 1 196.72 0.1345 0.7197
B2 50,960.11 1 50,960.11 34.85 <0.0001
B2E 17,404.02 1 17,404.02 11.90 0.0043
Residual 19,011.33 13 1,462.41
Lack of fit 14,080.66 11 1,280.06 0.5192 0.8082 Not significant
Pure error 4,930.67 2 2,465.33
Cor. total 3.114 × 105 24

Fig. 2. Normal probability plot.

Table 4
Fit statistics for proposed model

Std. Dev. 38.24 R2 0.9390
Mean 295.57 Adjusted R2 0.8873
C.V. (%) 12.94 Predicted R2 0.7380

Adequate precision 18.8179
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by the experiment, 84, by the proposed mathematical model 
a lower result is yielded, 72.77 mg/L. It is obvious that 
RSM can calculate the best levels by using the appropriate 
equation.

The effects of current density, pH, flow rate, H2O2, and 
Na2SO4 on COD removal are depicted in Fig. 7. It demon-
strates that the COD value decreased when pH changed 
from 9.0 to 4.07 and the current density increased to 
36.32 mA/cm2. Moreover, the COD value decreased when 
Na2SO4 decreased to 0.008 M and the flow rate increased to 
1,185.12 mL/min. Based on the results, the minimum COD 
value is obtained as 72.77 mg/L under these circumstances. 

It should be noted that all operating factors except pH affect 
the COD removal value in a linear way. In addition, there 
is no effect of NaCl on the slope of the increase or decrease 
in COD value. It is also worth noting that H2O2 does not 
affect the COD value as much as pH, flow rate, Na2SO4, 
or current density. The results in Fig. 7 are consistent with 
those in Fig. 8 showing that pH has a dominant effect on 
COD removal in addition to current density, flow rate, 
and Na2SO4 as variable factors.

The perturbation plot is depicted to compare the effects 
of all the factors on the response at a particular point. 
While all the other factors are held constant, the response 

Fig. 3. Predicted vs. actual values plot.

Fig. 4. (a) Residuals vs. run and (b) residuals vs. predicted plots.
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Fig. 5. Surface plot of (a) current density and pH, (b) pH and flow rate, (c) pH and H2O2, and (d) pH and Na2SO4.
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is plotted by changing only one factor in its range. In the 
beginning, it is set as a reference point at the midpoint rep-
resented as a coded 0 value for all the factors.

If a factor has an incline or incurvation, it shows that 
the response is easily affected by that factor. A compara-
bly flat line shows that the factor does not affect response 
as inclined ones. In the present study, there are six fac-
tors, so the perturbation plot could be used to find which 
response is sensitive to which factors. As seen in Fig. 8, the 
response is highly sensitive to pH, flow rate, Na2SO4, and 
current density but less sensitive to H2O2.

As explained above, the obtained findings expressed 
by mathematical functions indicate that the removal effi-
ciency of COD is highly correlated with selected factors 
but not with the supporting electrolyte NaCl.

3.3. Optimization and validation experiment

An adequacy check of the developed regression model 
is necessary by comparing the data created by the model 
developed with the experimental data. In the literature, 
for rechecking the regression model and its prediction 

Fig. 6. Optimal conditions.

Fig. 7. All operating (independent variables) factors and their effects on COD value.
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accuracy, Zularisam et al. [31] and Davarnejad and Sahraei 
[32] describe the validation process. The present study uses 
the same method for verification. Table 5 indicates the error 
value between actual experiment values and predicted 
values by the mathematical model created.

According to the software, this error is acceptable 
because, as shown in Table 4, the predicted R2 of 0.7380 is in 
reasonable agreement with the adjusted R2 of 0.8873. Thus, 
the difference is less than 0.2, which is the desired condi-
tion. Furthermore, adequate precision should be greater 

Fig. 8. Perturbation plot of independent variables.

Table 5
Results of operating conditions with experimental design and predicted values by using model

Run % Error Residual Actual COD value Predicted COD value

1 0.71 1.41 198.00 196.59
2 20.42 58.80 288.00 229.20
3 2.71 –10.46 386.00 396.46
4 32.33 –76.03 235.20 311.23
5 9.24 –24.83 268.80 293.63
6 1.82 –5.69 312.50 318.19
7 2.52 –10.08 399.20 409.28
8 1.59 6.18 390.00 383.82
9 5.10 20.40 400.00 379.60
10 4.45 11.23 252.00 240.77
11 0.37 0.87 235.20 234.33
12 2.45 –8.67 354.00 362.67
13 5.98 17.89 299.00 281.11
14 1.49 –3.76 252.00 255.76
15 13.46 –27.20 202.00 229.20
16 3.67 8.64 235.20 226.56
17 8.52 –20.01 235.00 255.01
18 6.05 –12.23 202.00 214.23
19 8.67 –13.85 159.60 173.45
20 20.42 58.80 288.00 229.20
21 1.46 –8.83 604.80 613.63
22 13.97 28.15 201.60 173.45
23 6.26 31.53 504.00 472.47
24 2.19 8.83 403.20 394.37
25 36.97 –31.05 84.00 115.05
Average % Error 8.51
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than 4 and it is 18.818 for the model produced. This result 
indicates an adequate signal and that the model can be used.

In numerical optimization, the optimum process para-
meters to obtain the minimum COD value were analyzed. 
In this step, the goals of all independent variables were to 
be in range. The goal for the COD value is minimization. 
The numerical optimization finds a point or points that 
maximize the desirability function. In the present study, 
there are a hundred solutions having a desirability function 
value of 1.00 and a value of desirability of 1.00 means that 
the model achieved all goals easily and independent vari-
ables are in their assigned target value range. The main aim 
is not to maximize the desirability value. However, desir-
ability could be simply a mathematical method to find the 
optimum conditions.

In the present study, considering the variables in the 
model and to possibly achieve the minimum COD value, 
one of the conditions that have a desirability function value 
as 1.00 was selected as the optimal condition. In this con-
dition, the COD value is minimized as 72.77 mg/L when 
the following conditions are utilized: current density of 
32.36 mA/cm2, pH of 4.07, the flow rate of 1,185.12 mL/min, 
the concentration of H2O2 of 0.005 M, and concentration of 
Na2SO4 of 0.008 M.

4. Conclusion

The aim of the present study was to develop an applicable 
model by using one of the main methods of DoE, namely 
RSM, for operational factors for the treatment of CSW using 
a recycling batch mode electrocoagulation reactor. There 
were six operational factors affecting the treatment of cat-
tle slaughterhouse wastewater. In the experiments, each fac-
tor was identified with different levels. A prediction model 
for the best fit was defined. By using the designated model, 
the minimum COD value (72.77 mg/L) was obtained for 
the optimum condition with a current density of 32.36 mA/
cm2, pH of 4.07, the flow rate of 1,185.12 mL/min, the con-
centration of H2O2 of 0.005 M, and concentration of Na2SO4 
of 0.008 M. The coefficient of determination value R2 is 
defined as 93.90% and 91.34% removal efficiency of COD 
was observed by the model prediction, which is pursu-
ant to the experimental data that showed 90.00% removal 
efficiency of COD. Considering the results, a significant 
mathematical model could be achieved including each fac-
tor that had different levels. The designated mathematical 
model would provide flexibility in the design of experiment 
for researchers. Therefore, based on the experiments with 
different factors and levels, it can be concluded that a deter-
mined prediction model created by using RSM is effective 
for analyzing the optimum points and values of predefined 
factors with flexibility.
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