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a b s t r a c t
In this study, the efficiency of real cheese whey treatment using a low-cost graphite-graphite elec-
tro-Fenton (EF) method and the effects of operating parameters on the process were investigated 
using central composite design. Response surface methodology was used to evaluate the effect of 
process variables and their interaction on chemical oxygen demand (COD) removal, energy con-
sumption, and current efficiency. Results show that selected operational parameters and obtained 
regression models were statistically significant. The coefficient of determination of COD removal, 
energy consumption, and current efficiency were found as 0.9884, 0.9371, and 0.8479, respectively, 
indicating that the models have a good fits with experimental data. Optimum operating conditions 
were determined as 0.0625 mol FeSO4·7H2O, 14.48 H2O2/FeSO4·7H2O molar ratio and 1.22 A cur-
rent intensity (9.68 mA/cm2 current density). EF treatment study under optimal conditions yielded 
86.75% COD removal and 0.36 kWh/kg CODr energy consumption with 47.11% current efficiency. 
The results show that the present treatment with the use of low-cost graphite electrodes yielded 
highly competitive and promising results under low current density conditions.

Keywords:  Cheese whey wastewater; Electro-Fenton; Response surface methodology; Central composite 
design; Graphite electrode

1. Introduction

Cheese whey is the yellowish-green liquid which is 
obtained by the separation of casein and fat from the milk by 
coagulation during the cheese-making process. This by-prod-
uct represents about 80%–90% of the total volume of milk 
used in cheese production containing lactose (4.5%–5% w/v), 
soluble proteins (0.6%–0.8% w/v), lipids (0.4%–0.5% w/v), 
lactic acid (0.05% w/v) and mineral salts (8%–10% of dried 
extract) [1,2]. In large scale plants, it is possible to process 
cheese whey through valorization technologies to recover 
protein and lactose or to dry and use as feedstock for animal 
feeding [3,4]. However, in individual small-scale dairy farms 

or cheese production facilities, whey is not recovered and 
must be treated with other wastewater produced from the 
plant, because the small amount produced does not meet the 
high equipment cost required for the preparation of whey 
powder [4]. On the other hand, as a wastewater, lactose con-
tent of influent is largely responsible for the high biochem-
ical and chemical oxygen demand (BOD and COD) values, 
concurrently fats and proteins partially contribute as well [5]. 
The high content of biodegradable organic material can cause 
rapid oxygen consumption, impermeabilization, eutrophica-
tion and toxicity in the receiving environments which results 
in water quality degradation [5,6]. Cheese whey disposal 
has become a significant environmental impact due to the 
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high production amount and heavy organic pollutant load. 
More stringent legislative requirements for effluent quality 
necessitate treatment before discharge [3].

Various treatment processes have been developed for 
cheese whey removal from water, including anaerobic bio-
logical treatment [7], adsorption [8], coagulation [9] and 
Fenton oxidation [10]. Since the BOD/COD ratio is higher 
than 0.5, biological processes are very effective in organic 
matter removal from cheese whey [5]. However, there are 
some drawbacks of biological treatment such as long hydrau-
lic retention times to observe satisfactory performance, 
the necessity of specific microorganisms, sludge floatation 
because of the presence of fats and unstable operation 
[6,11]. Physicochemical treatment such as coagulation and 
adsorption only transfers the contaminants between differ-
ent phases. Chemical methods such as Fenton oxidation is 
capable of destroying the pollutants and eventually result-
ing in high COD removal efficiencies from cheese whey [12]. 
Electrochemical advanced oxidation processes (EAOPs), 
which are known as eco-friendly methods, are receiving great 
attention as a viable and promising alternative to degrade the 
refractory organic pollutants due to generation of hydroxyl 
radicals on-site [12]. Electrochemical methods utilize only 
electrons to assist wastewater treatment with the purpose 
of controlled and rapid reactions instead of chemicals and 
microorganisms [13]. Moreover, the sludge that is generated 
by electrochemical systems is defined as easily settleable and 
predominantly composed of metal oxides/hydroxides [13].

Electro-Fenton (EF) process which is the most known 
and popular EAOP based on Fenton’s reaction chemistry, 
has two different configurations. The first configuration 
involves the addition of Fenton reagents to the reactor from 
outside and the utilization of inert electrodes with high cat-
alytic activity as an anode. In the second one, only hydrogen 
peroxide is added from outside whereas Fe2+ is provided 
from sacrificial iron anodes [14]. Ferrous ions may either 
be produced via oxidative dissolution of sacrificial anodes 
(Eq. (1)) or by reduction of ferric ions at an inert cathode 
(Eq. (2)) [15].

Fe Fe e0 2 2→ ++ −  (1)

Fe e Fe3 2+ − ++ →  (2)

If the ferrous ions are added externally, anode materi-
als like Pt, boron-doped diamond, graphite can be used in 
EF studies [16]. These materials lead to the water oxidation 
and hydroxyl radicals are produced at the surface of a high 
oxygen overvoltage anode (Eq. (3)) which will assist organic 
pollutant removal [16]. At anode surface, oxygen evolution 
reaction also occurs as given in Eq. (4) which reduces current 
efficiency. Graphite, among others, stands out as an alterna-
tive EF electrode material because of its low cost [16].

H O HO H e2 → + +• + −  (3)

2H O H O e2 → + ++ −4 22  (4)

The electrochemical reduction of oxygen in the two- or 
the four-electron process occurs on the cathode [17]. H2O2 is 

electrogenerated in acidic solutions by two-electron reduc-
tion of oxygen on the cathode surface according to Eq. (5) 
depending on the cathode material [16].

O H e H O2 22 2 2+ + →+ −  (5)

Hydroxyl radicals production can also take place in solu-
tion bulk under electrochemically assisted Fenton’s reaction 
(Eq. (6)) [18]. Hydroxyl radical is one of the most reactive free 
radical that can easily degrade organic materials, and ensure 
high reactivity and strong non-selective oxidation by in situ 
production [19,20].

Fe H O Fe OH HO2 2
2 3+ + − •+ → + +  (6)

The degradation mechanism of organic pollutants by 
Fenton reaction is given in Eqs. (7) and (8), where RH 
denotes organic pollutants [14].

RH HO R H O2+ → +• •  (7)

RH HO ROH H2+ → +• 1
2

 (8)

The catalytic Fenton’s reaction (Eq. (6)) is propagated 
from Fe2+ regeneration, which takes place by reduction of Fe3+ 
species at the cathode, with H2O2, with organic radical inter-
mediates R•, and/or with hydroperoxyl radical (HO2

•) [21].
The ranges of some operational parameters and treat-

ment performance results for electrochemical and Fenton 
based treatment of cheese whey in the previously published 
work were compared with the present study in Table 1. 
Tezcan Un et al. [1] examined continuous electrocoagula-
tion (EC) treatment of cheese whey wastewater and results 
showed that 86.4% COD removal was achieved in 20 min 
under high current density condition. Güven et al. [3] stud-
ied cheese whey wastewater treatment using the EC process 
and after an excessive treatment time of 8 h, the highest 
COD removal was obtained as 53.32%. Vlyssides et al. [4] 
applied Fenton treatment to cheese making factory waste-
water and found 33% total organic carbon removal in 1 h 
with a higher FeSO4·7H2O/H2O2

 ratio. Tezcan Un et al. [22] 
investigated the EC treatment of whey wastewater using 
iron anode. The effect of EF by the addition of H2O2 was 
also determined in this study. 90.92% COD removal and 
10.60 kWh/kg CODr energy consumption were observed 
in 90 min of treatment under optimum conditions of pH 3, 
a high current density of 40 mA/cm2 with the addition of 
0.2 M Na2SO4 and 0.2 M H2O2.

Tirado et al. [12] emphasized the need for more electro-
chemical cheese whey wastewater treatment studies to be 
able to clarify its feasibility. This work is focused on examin-
ing the efficiency of real cheese whey treatment using the EF 
method and the effects of operating parameters on the pro-
cess were investigated via central composite design (CCD). 
Statistical models were developed between the amount of 
FeSO4·7H2O added, H2O2/FeSO4·7H2O molar ratio and cur-
rent intensity as factors, and COD removal, energy con-
sumption, and current efficiency as responses. Optimization 
of operational parameters with the multi objectives of 
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maximum pollutant removal at the highest current effi-
ciency and minimum energy intake were performed.

2. Materials and methods

2.1. Wastewater

Cheese whey used in this study was obtained from a 
dairy products plant located in Turkey. Characterization of 
cheese whey is presented in Table 2. The wastewater was 
kept in a refrigerator at 4°C before use in order to avoid 
degradation.

2.2. Experimental setup and procedure

Commercial graphite plate was obtained from a local sup-
plier (Haksan Industrial Materials, Turkey) with specifica-
tions of 12.01 g/mol molecular weight, 1.8 g/cm3 apparent 
density, 12 μΩ/m specific resistance, 60 mPa compression 
strength, 0.05% ash, 0.05% sulphur, 25 μm grain size and 15% 
apparent porosity. Experiments were carried out in a batch 2 L 
glass reactor with monopolar parallel-connected six graphite 
electrodes having dimensions of 7 cm × 10 cm × 0.3 cm. In 
each run, 1 L of cheese whey was fed to the reactor. A direct 
current power supply (Marxlow PS 305 D, China) operating 
in 0–2 A range was utilized to perform the experiments at 
constant current intensity. Uniform concentration disper-
sion in the reactor was maintained by a magnetic stirrer 
(MTOPS MS300HS) operating at a prespecified speed of 
600 rpm. The experimental system is presented in Fig. 1.

Many studies evidenced that pH 3 assures ideal condi-
tions to optimize the electrochemical production of hydrogen 

peroxide according to the Eq. (5) and favor the removal of 
oxidizable organic matter in EF processes [23–27]. In each 
experimental run, the initial pH value of cheese whey was 
adjusted to 3 using 10% H2SO4 (w/w). Increasing the total 
dissolved solids concentration of the treated wastewater 
reduces the water quality in the receiving environment, and 
various regulatory authorities impose strict limitations on it. 
Various studies reported the use of NaCl as supporting elec-
trolyte within the concentration range of 1–2 g/L is appro-
priate for organics removal from wastewater using elec-
trochemical methods [28–31]. Accordingly, 1.5 g NaCl was 
added to maintain a conductive medium. 50% H2O2 (w/w) 
and FeSO4·7H2O were added to the reactor in conformity 
with their relative ratio in the experimental design matrix. 
The current intensity was set to the values specified in the 
design matrix and 60 min of EF treatment was started. At the 
end of the run pH of the wastewater was adjusted to 8 to pro-
vide the removal of other pollutants by coagulation and sed-
imentation as well as Fe3+ ions using 2 M Ca(OH)2 solution. 
Ca(OH)2 was considered as the most effective of the bases 

Table 1
Comparison of parameters and results for various treatment methods of cheese whey

Reference Method Parameters Ranges for parameters Optimum 
conditions

Results

[1] EC Current density (mA/cm2) 40–60 60 COD removal: 86.4%
pH 3–7 4.54
Retention time (min) 20–60 20

[3] EC Waste concentration (%) 20–100 60 COD removal: 53.32% 
in 8 hApplied voltage (V) 2–12 12

Electrolyte concentration (g/L) 0–50 25
[4] Fenton FeSO4·7H2O/H2O2 2/3–4/3 2/3 TOC removal: 33%

Hydraulic retention time (h) 1–5 1
pH 3.4–4.2 3.4
Temperature (°C) 20–30 20

[22] EC Current density (mA/cm2) 30–40 40 COD removal: 90.92% 
in 90 min
Energy consumption: 
10.60 kWh/kg CODr

pH 3–9 3
Supporting electrolyte type NaNO3, KNO3, KCl, 

NaCl, Na2SO4, K2SO4

Na2SO4

Supporting electrolyte concentration (M) 0.1–0.2 0.2
The present 
study

EF FeSO4·7H2O (mol) 0.007–0.065 0.0625 COD removal: 86.75% 
in 60 min
Energy consumption: 
0.36 kWh/kg CODr

Current efficiency: 47.11%

H2O2/FeSO4·7H2O 3.3–14.7 14.48
Current intensity (A) 0.46–4.54 1.22

Table 2
Characteristics of real cheese whey

Parameters Values

pH 5.03
Electrical conductivity, mS/cm 1.70
Turbidity, NTU 9.78 ± 0.5
COD, mg/L 19,800 ± 200
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commonly used by several studies [32–35]. In the alka-
line Ca(OH)2 solution, Fe3+ forms highly insoluble Fe(OH)3 
(Ksp = 10–36) in equilibrium with FeO(OH), to give a flocculant 
precipitate which facilitates the separation of suspended 
materials in effluent [32,33]. The charge neutralization effect 
of the coagulants was increased by the presence of Ca(OH)2 
at neutral and alkaline pH [35]. 50 ml sample was taken and 
kept at 4°C for 6 h to settle. COD analyses were performed 
on collected supernatant by Standard Methods (SM 5220D) 
twice with ±2% accuracy [36]. Sample storage and settling 
conditions were chosen by considering SM 5220 D in which 
maximum sample holding time is 28 d at 4°C accordingly 
with the studies reported by Lai and Lin [37] and Özyurt 
et al. [38]. To determine COD values, the absorbance of the 
samples was read at 600 nm using a spectrophotometer 
(PG Instruments T60V, United Kingdom). Impurities accu-
mulated on the electrode surfaces were removed at the end 
of each experiment according to the electrode cleaning pro-
cedure by the steps of brushing under tap water, immersing 
in 5% HCl solution for 5 min and then rinsing with deionized 
water. Voltage-time data were collected during treatment 
and energy consumption values per kg of COD removed 
were calculated considering Eq. (9) where I is the applied 
constant current intensity in A, Vm is the mean potential 
difference in V, t is the treatment time in h, CODi and CODt 
are the initial and final COD values of cheese whey in mg/L 
and VE is the volume of wastewater in L.

Energy consumption kWh
kg COD COD CODr

m

i t

I V t







 =

× × ×
−( )×

1000
VVE

 (9)

Current efficiency that was used to assess the influence 
of current intensity on organic pollutant removal was cal-
culated using Eq. (10) [38]. Here, F represents the Faraday 
constant (96,485 C/mol).

Current efficiency
COD COD

%( ) = −( )× ×

× × × ×
i t EF V

I t3600 1000 8
 (10)

2.3. Experimental design

In this study, CCD was applied to investigate the main 
variables affecting EF treatment of cheese whey, as well as 
their interactions. MINITAB 17 software was employed for 
experimental design, modeling, data analysis, and optimi-
zation. FeSO4·7H2O molar amount, H2O2/FeSO4·7H2O molar 
ratio and current intensity were chosen as factors, whereas 
COD removal, energy consumption, and current efficiency 
were considered as responses. Each of the factors was coded 
at five levels (−2, −1, 0, +1, +2) and coded values along with 
the real ones are given in Table 3 where the maximum and 
minimum values of parameters were chosen by considering 
the raw cheese whey characteristics. A total of 20 exper-
iments with 8 factorial, 6 axial and 6 central points were 
performed.

Experimental results were fitted to quadratic response 
surface models that are generally shown as in Eq. (11) [39].

y x x x xj j ij i j
i j

jj j
j

k

j

k

= + + + +∈
< ==
∑ ∑∑β β β β0

2

11
 (11)

Analysis of variance (ANOVA) was used to determine 
the statistical significance of the quadratic models and 
model terms using the F-test and corresponding P values. 
The F value of the model should be higher than that of the 
F distribution table value provided that the best fit of the 
experimental data with the model is desired. To indicate if 
the F value is large enough to imply the statistical signifi-
cance, P-value related to the F value was used. P values lower 
than 0.05 at 95% confidence level refers to the significance 

 

Fig. 1. Experimental system (1: EF reactor, 2: electrodes, 3: magnetic stirrer, and 4: power supply).
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of model and model terms [39]. Besides, to check the accu-
racy of the proposed quadratic models, determination coeffi-
cients (R2) between experimental and predicted results were 
evaluated. R2 represents the correlation of total variation in 
the responses (COD removal, energy consumption, current 
efficiency) estimated by suggested models. R2 values should 
be at least 0.80 to imply quadratic fits expressing the design 
space are satisfactory [13]. 3D response surface plots which 
were constructed as a function of two independent variables 
varying within the experimental range while the other vari-
ables kept constant at the central level, visually displayed 
the changes in responses to variations of independent 

variables [39]. Response surfaces were analyzed to obtain the 
maximum COD removal and current efficiency with mini-
mum energy consumption responses and the correspond-
ing optimum conditions.

3. Results

The experimental design matrix showing combinations 
of 3 independent variables at 5 levels and obtained responses 
are represented in Table 4. Experimental results were fitted 
to statistically significant second-order multi-variable mod-
els to indicate the main and interaction effects of the factors 
on responses. The effect of each variable on the predicted 
responses was visualized based on the model equation 
by three dimensional (3D) and contour (2D) plots.

3.1. Model development, statistical analysis 
and effects of factors on responses

3.1.1. COD removal

The quadratic model that describes the variations in COD 
removal with operational parameters in terms of uncoded 
variables was developed and shown in Eq. (12).

COD removal % . . .

.
( ) = − + + + −

−

21 56 1525 4 19 0 247

11166 0 1150
1 2 3

1
2

x x x

x xx x x2
2

1 228 3+ .  (12)

Table 3
Coded and real values of independent variables for EF treatment 
of cheese whey

Level Factors
x1 x2 x3

FeSO4·7H2O (mol) H2O2/FeSO4·7H2O Current 
intensity (A)

–2 0.007 3.3 0.46
–1 0.018 5.5 1.25
0 0.036 9.0 2.50

+1 0.054 12.5 3.75
+2 0.065 14.7 4.54

Table 4
Experimental design matrix and responses for EF treatment of cheese whey

Run Factors Responses

x1 x2 x3 y1 y2 y3

FeSO4·7H2O (mol) H2O2/FeSO4·7H2O Current 
intensity (A)

COD 
removal (%)

Energy consumption 
(kWh/kg CODr)

Current 
efficiency (%)

1 0.036 3.3 2.50 32.67 2.99 8.56
2 0.036 14.7 2.50 73.91 1.21 19.01
3 0.036 9.0 2.50 59.91 1.84 16.04
4 0.036 9.0 2.50 54.77 1.57 15.24
5 0.018 5.5 1.25 25.33 1.73 13.44
6 0.036 9.0 2.50 57.64 1.89 15.72
7 0.018 12.5 3.75 41.92 4.83 7.21
8 0.054 12.5 3.75 80.63 2.00 14.07
9 0.036 9.0 0.46 54.80 0.12 78.19
10 0.036 9.0 2.50 55.99 1.73 14.70
11 0.054 5.5 3.75 56.49 3.21 10.04
12 0.036 9.0 2.50 57.81 1.35 15.13
13 0.054 12.5 1.25 80.70 0.34 45.05
14 0.036 9.0 2.50 57.75 1.57 15.96
15 0.018 12.5 1.25 44.68 0.70 23.43
16 0.036 9.0 4.54 57.91 3.80 8.34
17 0.007 9.0 2.50 17.09 6.23 4.48
18 0.018 5.5 3.75 28.76 5.36 5.11
19 0.054 5.5 1.25 58.05 0.56 30.35
20 0.065 9.0 2.50 77.71 1.05 20.83
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The COD removal model was statistically analyzed by 
applying the F test to verify the significance of the model 
and model terms. ANOVA results are given in Table 5. 
It can be concluded from Table 5 that the F value of 201.88 
reveals the statistical significance of the COD removal model 
compared with the tabulated F value (F0.05(6,13) = 2.92). From 
ANOVA results it is clear that linear, square and interaction 
terms of FeSO4·7H2O molar amount and H2O2/FeSO4·7H2O 
molar ratio have P values lower than 0.05 were significant 
terms for COD removal of cheese whey treated by EF method. 
A comparison of actual and predicted COD removal values 
was visualized in Fig. 2a. R2 was found as 0.9884 indicating 
that experimental results are in good fit with predicted data 
and only 1.16% of the total variation could not be explained 
by the developed model for COD removal. R2 value should 
be compared with R2

adjusted which reflects the number of fac-
tors in the experiment. When R2 and R2

adjusted values are close, 
there is a good chance that non-significant terms have not 
been included in the model [39,40]. R2

adjusted value was found 
very close to R2, which is another good indicator of the statis-
tical significance of the terms included in the model. R2

predicted 
which describes the prediction capability of the model for 
new responses, should not have a difference of more than 

0.2 with R2 [40]. The difference between R2 and R2
predicted value 

was found small enough to maintain the predictive capa-
bility of the model. Response surface and contour graphs 
were produced via the developed model equations by 
keeping one of the factors constant at the central level and 
varying the other two variables within the experimental 
design space. Response surface plots of COD removal were 
shown in Fig. 3a. As can be observed, FeSO4·7H2O molar 
amount and H2O2/FeSO4·7H2O molar ratio had a significant 
influence on COD removal whereas current intensity was 
not. COD removal was increased with increasing x1 and x2. 
Therefore, maximum COD removal efficiency was obtained 
at a high FeSO4·7H2O molar amount and H2O2/FeSO4·7H2O 
molar ratio.

The increase in COD removal efficiency with the increase 
in ferric ion concentration was mainly due to the increase 
in the in situ generation rate of hydroxyl radical [41].

Iron and hydrogen peroxide are two basic reagents that 
play a major role in pollutant removal efficiency and operat-
ing cost in the EF method. The number of chemicals required 
must also be evaluated in terms of both the absolute con-
centration of reagents (i.e. hydrogen peroxide and ferrous 
ions) and their molar ratio (H2O2/FeSO4·7H2O). Although 

Table 5
ANOVA results of COD removal for EF treatment of cheese whey

Source df SSadj MSadj F P Remark

Model 6 5,944.29 990.72 201.88 ≤0.0001 Very significant
x1 1 4112.74 4112.74 838.08 ≤0.0001 Very significant
x2 1 1612.85 1612.85 328.66 ≤0.0001 Very significant
x3 1 1.27 1.27 0.26 0.619 Not significant
x1

2 1 173.75 173.75 35.41 ≤0.0001 Very significant
x2

2 1 26.36 26.36 5.37 0.037 Significant
x1x2 1 25.49 25.49 5.19 0.040 Significant
Error 13 63.80 4.91
Total 19 6008.09

R2 = 0.9884, R2
adjusted = 0.9845, R2

predicted = 0.9654

 

(a) (b)   (c)  

Fig. 2. Actual vs. predicted plots of (a) COD removal, (b) energy consumption, and (c) current efficiency for EF treatment of cheese 
whey.
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Fig. 3. Effect of variables on (a) COD removal, (b) energy consumption, and (c) current efficiency for EF treatment of cheese whey.
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the removal of organic contaminants was improved as the 
concentration of reagents increases, it was observed that the 
change in the removal efficiency becomes insignificant when 
the dosage exceeds the threshold level. Excessive applica-
tion of iron can promote an increase in the total dissolved 
solids and electrical conductivity of the effluent while an 
excessive dosage of hydrogen peroxide contributes to the 
generation of gas bubbles that prevents sludge settling [42]. 
Thus, it is important to determine the absolute optimal con-
centration of Fenton reagents. Increments in COD removal 
efficiency with increasing H2O2/FeSO4·7H2O molar ratio can 
be attributed to running the Fenton reaction in the reactor, 
subsequent formation of highly reactive hydroxyl radical 
that oxidize the organic contaminants and hence increased 
rate of oxidation [43,44].

Although current intensity controls the dissolution 
and regeneration of Fe2+ and electro generation of H2O2, 
Fenton reaction in the reactor when no current was applied 
between the electrodes highly contributes to COD removal 
and therefore the effect of current intensity on oxidation effi-
ciency was seemed to be diminished [43,45]. The application 
of current intensity above a certain value reduces both the 
current efficiency by increasing the oxygen evolution reac-
tion rate and also causes the excess electron generation of 
iron ion to deplete the hydroxyl radicals, which may hurt 
the COD removal efficiency [46].

3.1.2. Energy consumption

Experimental results were fitted to a second-order model 
to examine the effects of independent variables on energy 
consumption and given by Eq. (13).

Energy consumption kWh
kg CODr

x

x









 = − −

+

3 339 160 4

0 1264

1

2

. .

. 11 775 2027 19 173 1
2

1 3. .x x x x+ −  (13)

Statistical significance of the model was investigated 
through the F test at a 95% confidence level. ANOVA 
results for energy consumption presented in Table 6 indi-
cate that the F value of 41.74 was found to be higher than 
the F distribution table value (F0.05(5,14) = 2.96) expressing the 

statistical significance of the developed model. Also, lin-
ear terms of all independent variables, the square term of 
FeSO4·7H2O molar amount and an interaction term between 
FeSO4·7H2O molar amount and current intensity were eval-
uated as significant according to P values. The actual and 
predicted results comparison of energy consumption is 
given in Fig. 2b. The R2 value was determined to be 0.9371 
confirming the good agreement between the experimental 
data and predicted results from the model. R2

adjusted value 
was found very close to R2, which is another good indica-
tor of the statistical significance of the terms included in 
the model. The difference between R2 and R2

predicted value 
was found small enough to maintain the predictive capa-
bility of the model. The influence of operational parame-
ters on energy consumption was demonstrated in Fig. 3b. 
It is clear from the figure that all factors have significant 
effects on the response. As seen from the figure, an energy 
consumption decrease was observed for FeSO4·7H2O molar 
amount in the range of 0.007–0.04 mol. Besides, FeSO4·7H2O 
molar amount higher than 0.04 mol caused a slight increase 
in energy consumption. It can be concluded from the fig-
ure that energy consumption decreases with an increase 
in H2O2/FeSO4·7H2O molar ratio and a decrease in cur-
rent intensity. The optimum value for minimum energy 
consumption was obtained in the region of a high level - 
midpoint region for FeSO4·7H2O molar amount, in the high 
levels of H2O2/FeSO4·7H2O molar ratio and the low levels 
of current intensity, respectively.

Since Fe2+ ion required for Fenton reaction could not be 
provided at low concentrations of FeSO4·7H2O, COD removal 
efficiency reduces and energy consumption per kg COD 
removed increases accordingly.

An increase in H2O2/FeSO4·7H2O molar ratio leads to a 
reduction in the conductivity of the effluent, thus increas-
ing the potential difference required to maintain the con-
stant current condition and in consequence results in high 
energy consumption per volume of wastewater. However, 
the increase in COD removal efficiency observed with the 
increase in H2O2/FeSO4·7H2O molar ratio is more significant 
than the effect of conductivity and resulted in decreased 
energy consumption per kg COD removed. Consequently, 
optimization of the H2O2/FeSO4·7H2O molar ratio is essen-
tial for an energy-efficient treatment as well as pollutant 
removal.

Table 6
ANOVA results of energy consumption for EF treatment of cheese whey

Source df SSadj MSadj F P Remark

Model 5 51.1666 10.2333 41.74 ≤0.0001 Very significant
x1 1 16.8051 16.8051 68.54 ≤0.0001 Very significant
x2 1 2.6079 2.6079 10.64 0.006 Significant
x3 1 24.5149 24.5149 99.98 ≤0.0001 Very significant
x1

2 1 5.7509 5.7509 23.46 ≤0.0001 Very significant
x1x3 1 1.4878 1.4878 6.07 0.027 Significant

Error 14 3.4327 0.2452

Total 19 54.5993

R2 = 0.9371, R2
adjusted = 0.9147, R2

predicted = 0.7945
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It is well known that the current intensity increases 
with the applied voltage. Therefore, it is necessary to limit 
the current intensity to avoid excessive heat generation and 
high energy consumption.

3.1.3. Current efficiency

Regression equation in terms of uncoded variables 
obtained for estimating current efficiency based on experi-
mental design results is presented as follows:

Current efficiency = + + + +58 1 321 1 026 41 52 6 021 2 3 3
2. . . .x x x x  (14)

The adequacy of the model was evaluated through 
ANOVA and has shown in Table 7. Results indicated that 
the quadratic model having an F-value of 20.90 which is 
greater than tabulated F (F0.05(4,15) = 3.06) and a P value of 
0.000 which is below 0.05 at 95% confidence level for cur-
rent efficiency can be used to navigate the design space. 
According to Table 7, the independent variables that have 
a significant individual effect on current efficiency were 
found as FeSO4·7H2O molar amount and current intensity 
which also has a significant quadratic effect. Fig. 2c is a 
comparison of actual and predicted current efficiency and 
implies a good agreement between the results. The R2 value 
was determined as 0.8479, expressing that the model rep-
resents the experimental data acceptably. R2

adjusted value was 
found close to R2, which is another good indicator of the sta-
tistical significance of the terms included in the model. The 
difference between R2 and R2

predicted value was not found small 
enough to maintain the predictive capability of the model. 
The predicted contour plots with the 3D representations are 
given in Fig. 3c for current efficiency as the response. As can 
be seen from the figure the H2O2/FeSO4·7H2O molar ratio 
did not have a remarkable influence on current efficiency 

as FeSO4·7H2O molar amount and current intensity have. 
Maximum current efficiency could be obtained at high 
values of FeSO4·7H2O molar amount and low values of 
current intensity.

According to Eq. (10), current efficiency is proportional 
to COD removal. Increments in current efficiency with an 
increase in ferric ion concentration were mainly due to the 
increase in the in situ generation rate of hydroxyl radical 
which leads to higher COD removal. Since current efficiency 
is inversely proportional to the current intensity, and current 
intensity has a diminished effect on COD removal, a decrease 
in the current efficiency with increasing current intensity 
was a predictable outcome.

3.2. Determination of optimal conditions for EF treatment 
of cheese whey

To achieve the highest treatment performance for EF 
treatment of cheese whey with the lowest operational cost, 
the desired goals were simultaneous maximization of COD 
removal and current efficiency with minimization of energy 
consumption depending on response surface plots and desir-
ability functions. Obtained optimum operating conditions 
according to multi-objective optimization through overall 
multi-desirability function are given in Table 8.

The results imply that maximum organic matter removal 
and current efficiency along with minimum energy con-
sumption objectives could be accomplished with a high 
FeSO4·7H2O molar amount and H2O2/FeSO4·7H2O molar ratio 
under low current intensity conditions. The validity of the 
predicted response values at optimum operating conditions 
was controlled by performing an experimental study. Under 
optimized conditions, model estimations and experimen-
tally observed values of COD removal, energy consumption, 
and current efficiency are given in Table 9. As seen from the 
table, obtained COD removal and current efficiency results 

Table 7
ANOVA results of current efficiency for EF treatment of cheese whey

Source df SSadj MSadj F P Remark
Model 4 4503.18 1125.80 20.90 ≤0.0001 Very significant
x1 1 444.90 444.90 8.26 0.012 Significant
x2 1 171.97 171.97 3.19 0.094 Not significant
x3 1 2704.79 2704.79 50.22 ≤0.0001 Very significant
x3

2 1 1181.52 1181.52 21.94 ≤0.0001 Very significant
Error 15 807.90 53.86

Total 19 5311.08

R2 = 0.8479, R2
adjusted = 0.8073, R2

predicted = 0.5242

Table 8
Optimum operating conditions of EF process

Optimum values Overall multi-desirability

FeSO4·7H2O (mol) H2O2/FeSO4·7H2O (mol/mol) Current intensity (A)

0.625 14.48 1.22 85.97
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indicate conformity to the predicted results by 94% and 
91%, respectively whereas energy consumption was under-
estimated with a difference of 0.25 kWh/kg CODr between 
observed value and model prediction. It can be noted that 
estimated results at optimized conditions for EF treatment 
of cheese whey were successfully confirmed experimental 
observations.

4. Conclusion

This research noted the unique and successful appli-
cation of optimized low-cost graphite-graphite EF to the 
treatment of cheese whey. In this study, response surface 
methodology and CCD were employed to obtain significant 
statistical models indicating linear, interaction and qua-
dratic effects of parameters on responses and to find optimal 
operating conditions for the EF treatment of cheese whey. 
In accordance with ANOVA results, high determination 
coefficient values (R2 > 80) were acquired for all responses 
confirming good enough fit of prediction models with 
experimental data. Under optimized conditions (0.0625 mol 
FeSO4·7H2O, 14.48 H2O2/FeSO4·7H2O molar ratio and 1.22 A 
current intensity) COD removal, energy consumption and 
current efficiency were determined as 86.75%, 0.36 kWh/kg 
CODr and 47.11%, respectively. In terms of industrial appli-
cability of EF which is a sufficient method for cheese whey 
treatment, energy consumption reduction in addition to 
increasing COD removal efficiency is an important criterion. 
According to the results, it can be concluded that the pres-
ent treatment with the use of low-cost graphite electrodes 
yielded highly competitive and promising results under low 
current density (9.68 mA/cm2) conditions.
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Symbols

β0 — Constant coefficient
βj — Coefficient of linear effect
βij — Coefficient of quadratic effect
βjj — Coefficient of interaction effect
CODi — Initial COD concentration
CODr — COD removed
CODt — Final COD concentration
Ksp — Solubility product constant
MSadj — Adjusted mean squares

S — Significant
SSadj — Adjusted sum of squares
x — Factor
y — Response
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