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a b s t r a c t
In the present study, real cheese whey wastewater was treated using a uniquely designed batch-type 
electrocoagulation reactor with a horizontal rotating screw type iron anode. The treatment efficiency 
and energy consumption under different operational conditions including current density (30, 35 and 
40 mA/cm2), initial pH (3, 5, 7 and 9), supporting electrolyte type and concentration (NaNO3, KNO3, 
KCl, NaCl, Na2SO4 and K2SO4 at 0.1, 0.15 and 0.20 M) were investigated. The effect of electro-Fenton by 
addition of hydrogen peroxide (0.05, 0.10 and 0.20 M) was also determined. The best performing oper-
ating condition was obtained at pH 3 and current density of 40 mA/cm2 with the addition of 0.20 M 
Na2SO4 and 0.20 M H2O2. The initial chemical oxygen demand (COD) concentration of 15,500 mg/L was 
reduced to 1,408 mg/L with the removal efficiency of 90.92% after 90 min of the reaction demanding 
10.60 kWh per kg of removed COD. In addition, the sludge obtained after electrocoagulation was ana-
lyzed to determine its characteristics using X-ray diffraction and X-ray florescence. It was revealed that 
hematite (Fe2O3) and magnetite (FeO.Fe2O3) phases were present in the dried sludge. It is concluded 
that the proposed configuration can be applied as an effective pretreatment step for the treatment of 
cheese whey wastewater and the obtained sludge can be used as an iron source in other applications. 
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1. Introduction

The dairy industry is known to produce highly polluted 
wastewater with a high biological oxygen demand and chem-
ical oxygen demand (COD). In Turkey, the permitted COD 
limit to the surface waters for the dairy industry is 170 mg/L. 
These effluent standards often require removal efficiencies 
of more than 95% of COD. Some researchers studied the 
possibility of recycling and reusing it [1]. Biological aerobic 
and anaerobic methods with differences in design regarding 
reactor type, number of stages or contact type has been stud-
ied and used for decades [2,3]. Membrane technology, which 
come in different pore size ranges and designs are very 
promising, since product recovery is feasible and produces 

effluent with high quality specifications suitable for direct 
reuse [4]. Physical and chemical treatment processes, such as 
coagulation/flocculation and adsorption, are being applied 
for the removal of suspended, colloidal and dissolved 
constituents [5]. Coagulation causes the combining of 
insoluble particles and/or dissolved organic matter into large 
aggregates, thereby facilitating their removal in subsequent 
sedimentation, floatation and filtration stages [6,7].

Electrocoagulation (EC) technique has been used 
successfully to treat wastewater of various industries such 
as metal plating [8,9], baker’s yeast [10], paper industry 
[11], olive mill [5] and dye industry [12]. Effective removal 
of specific elements like boron and fluoride [13,14] and 
municipal effluents treatment are also reported [15]. EC 
is the in situ generation of M3+ ions into wastewater using 
sacrificial anodes, with hydrogen gas and (OH)− ions 
produced at the cathode. A further reaction between M3+

(aq) 
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and OH− ions produces amorphous M(OH)3 flocs that are 
capable of adsorbing soluble organic compounds and trap-
ping colloidal particles. The further polymerization of these 
flocs to Mn(OH)3n allows for easy settling of the flocs from 
wastewater by sedimentation or/and flotation by hydrogen 
gas [16]. The main reactions during EC are as follows:

Anode reaction:

Fe − 2e → Fe2+ (1)

Basic condition:

Fe2+ + 2OH− → Fe(OH)2 (2)

Acidic condition:

4Fe2+ + O2 + 2H2O → 4Fe3+ + 4OH− (3)

Oxygen synthesize:

2H2O − 4e → O2 + 4H+ (4)

Cathode reaction:

2H2O + 2e → H2 + 2OH− (5)

Fenton-based processes are among advanced oxidation 
processes. In the electro-Fenton method, (·OH) radicals are 
produced in the bulk of the solution from the reaction H2O2 
and Fe2+ (Eq. (6)) [17]. This reaction is propagated from fer-
rous ion regeneration, mainly by the reduction of the pro-
duced ferric species with hydrogen peroxide (Eq. (7)). As a 
result, an improvement in EC performance will occur due to 
a higher production rate of hydroxyl radicals, which are actu-
ally the main oxidizing agent facilitating oxidation of organic 
material. 

Fe2+ + H2O2 → Fe3+ + OH− + ·OH (6)

Fe3+ + H2O2 → Fe2+ + HO2 + H+ (7)

Güven et al. [18] studied electrochemical treatment 
of deproteinated whey in batch mode and reported COD 
removal of 53.32% at 8 h. Valente et al. [19] used iron electrodes 
in EC treatment of dairy wastewater and obtained 58% COD 
abatement. Kushwaha et al. [20] used an aluminum electrode 
in a similar work. EC of yogurt industry wastewater and use 
of sludge in ceramic pigment production was also studied in 
our previous work [21]. Aitbara et al. [22] studied continuous 
mode treatment of dairy wastewater using EC and reported 
90% COD removal. Literature do not conform on ranges of 
effective factors on EC especially for current density (CD) 
and supportive electrolytes probably because in many of the 
works synthetic wastewater with variable initial COD con-
centrations has been used. Although there are many publi-
cations on EC application for dairy wastewater treatment, 
they failed to examine a different electrode configuration. To 
the extent of our knowledge, no publication reported energy 
consumption of EC for real dairy wastewater.

We assessed the effect of different factors including CD, 
initial pH, supporting electrolyte type and concentration and 
electro-Fenton method on EC treatment of real cheese whey 
wastewater. A uniquely designed horizontal rotating screw 
type iron anode was used in batch mode. We preferred iron 
because of its better performance characteristics regarding 
removal efficiency [23] and also its lower price than alumi-
num and easier manufacturing. This paper reports signifi-
cant outcomes of the configuration and evaluates the effect of 
operating factors on removal efficiency and energy consump-
tion of the process. 

2. Materials and methods

2.1. Wastewater

Cheese whey wastewater used in the experiments was 
obtained from a small production facility located in Eskisehir, 
Turkey. This small plant produces white cheese. A coarse 
screening process separates cheese whey from cheese curds. 
The separated cheese whey mixes up with processed water 
prior to the treatment plant. Our samples were collected 
from the mixing point. The wastewater properties are given 
in Table 1. 

2.2. Experimental details

A uniquely designed batch-type EC reactor imple-
mented. The design included a horizontal rotating screw 
type iron anode (Fig. 1(a)). Reactor vessel was the iron cath-
ode with a U-shaped cross-section. Its dimension was 20 cm 
length and 50 cm2 cross-sectional area, providing 1,000 cm3 
volume. The screw type anode had a horizontal rotating shaft 
and impellers with a surface area of 350 cm2. The horizontal 
screw type anode was placed 1 cm above the cathode bottom 
and submerged into the wastewater. The experimental setup 
is shown in Fig. 1(b). Reactor operated in batch mode. The 
pH and the conductivity were monitored during EC using a 
pH meter (Hanna Instruments 301, USA) and a conductivity 
meter (Radiometer Pioneer 30). The samples were taken peri-
odically and centrifuged (EBA 20; Hettich, Germany). The 
supernatant was analyzed for the determination of COD.

The calculation of COD removal efficiency after EC was 
performed using following equation:

RE(%) =
−

×
C C
C

t0

0

100  (8)

where C0 and Ct are the concentrations of COD before and 
after EC in mg/L, respectively.

Table 1
Characteristics of wastewater

COD, mg/L 15,500

Conductivity, mS/cm 17.0

pH 5.2
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2.3. Analytical procedure

Samples were digested by means of a COD digestion 
reagent (Hach) then COD was determined titrimetrically. All 
the analyses were conducted twice. The electrodes were pol-
ished and then washed with dilute H2SO4 and rinsed with 
distilled water before each run following the same procedure 
in our previous work [21].

After EC, the bulk containing sludge and treated waste-
water was poured into a glass column to settle the sludge, 
and left for 24 h. The sludge was separated from the treated 
wastewater by discarding the supernatant. Then the sludge 
was dried in a drying oven (Model FN 120; Nuve, Turkey) 
at 100°C for 24 h to eliminate its moisture until no mois-
ture remained. Careful sampling and homogenizing were 
employed to assure a reasonable consistency in the sludge. 
The chemical composition of the sludge was determined 
using an X-ray fluorescence spectrometer (XRF; Rigaku, 
Rix 2000, Japan). The phases present in the sludge were 
determined using an X-ray diffractometer (XRD; Rigaku, 
D/Max-IIIC, Japan) with Ni-filtered, Cu Kα radiation with a 
goniometer speed of 1 s−1.

3. Results and discussion

3.1. The effects of current density 

The effect of CD was investigated by conducting the EC 
of cheese whey wastewater. Current densities of 30, 35 and 

40 mA/cm2 were applied to the process in different runs 
while initial pH was adjusted to 5 and 0.15 M Na2SO4 was 
used as supporting electrolyte. COD removal efficiencies of 
45.50%, 50.04%, and 65.94% were obtained after 90 min at the 
current densities of 30, 35, and 40 mA/cm2

, respectively, as 
shown in Fig. 2. An increase of CD favors COD removal effi-
ciency as expected based on Eq. 1. Higher electron supply 
rate accelerates dissolution of iron to form Fe2+ in the solu-
tion. The dissolved amount can be estimated using Faraday 
equation (Eq. (9)). 

C M I t
n F VFe =

⋅ ⋅
⋅ ⋅

 (9)

where CFe is the theoretical concentration of Fe (g/L) in the 
solution, M is the molecular weight of Fe (g/mol), I is the 
applied current (A), t is the electrolysis time (s), n is the num-
ber of electrons involved in the dissolution reaction (n = 2 for 
Fe), F is the Faraday constant (96,500°C/mol) and V is the vol-
ume of liquid (L) in the reactor at time t.

Fe2+ precipitates as Fe(OH)2 that forms flocs and adsorbs 
organic materials (Eq. (2)). According to Holt et al. [24], the 
current not only determines the coagulant dosage rate, but 
also the bubble production rate and fluid regime (mixing) 
within the reactor. Therefore, the collision between particles, 
floc growth and the potential for material removal, both pol-
lutant and coagulant, are determined by the current. A simi-
lar result was reported by Hanafi et al. [25]. 

An increase of CD also increases the energy consumption 
rate (Fig. 3). Although the cumulative energy consumptions 
increased with increasing the applied voltage for current 
supply, the energy consumption per unit mass of removed 
COD showed different trend because of different removal 
efficiencies. For the operational CD of 30, 35 and 40 mA/cm2, 
the energy consumptions, respectively, were 16.15, 20.44 
and 17.77 kWh/kg COD after 90 min of reaction. The power 
applied to an EC, overcomes the ohmic resistance for moving 
ions through the solution and the faradaic resistances for the 
anodic and cathodic reactions. It can be estimated by the fol-
lowing equations [26]: 

P W idΩ








 = Ω

µ
cm2

2  (10)

(a)

(b)

Fig. 1. (a) Rotating screw type iron anode and (b) experimental 
batch type EC reactor setup.

Fig. 2. Effect of CD on COD removal efficiency (pH 5; 
0.15 M Na2SO4).
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 ≈ + ln( )  (11)

where PdΩ, PdF, i and Ω are ohmic power dissipation, faradic 
power dissipation, CD and ohmic resistance, respectively. k1 
and k2 are empirical constants. From Eqs. (10) and (11), it is 
clear that an increase in CD will increase both the ohmic and 
faradic power dissipations. 

As shown in Figs. 2 and 3, the CD of 40 mA/cm2 resulted 
in the highest removal efficiency with a moderate rate of 
consumed energy. The least energy per unit of removed 
COD was recorded for CD 30 mA/cm2 but its removal effi-
ciency was very low (45.5%). Comparing the results for CD 
of 35 and 40 mA/cm2 at the end of reaction reveals that at 
40 mA/cm2, COD removal efficiency improved with almost 
the same energy consumption rate per unit removed COD. 
It was concluded that 40 mA/cm2 is the more favorable 
value for CD but to avoid high temperatures inside the 
reactor, the rest of experiments was conducted with a CD 
of 35 mA/cm2. 

3.2. The effects of initial pH

Initial pH is an important operating factor influenc-
ing the performance of the EC process. Normally, buildup 
of hydroxide ion (Eqs. (3) and (5)) not only increases pH 
during the process, but also some times process shows 
bufferic characteristics based on the working pH and 
electrode material [23]. pH values of 3, 5, 7 and 9 were 
examined with CD being fixed at 35 mA/cm2 and 0.15 M 
Na2SO4. The final COD removal efficiency after 90 min 
was 59.12%, 50.04%, 48.39% and 42.58% for the pH 3, 5, 
7 and 9, respectively (Fig. 4). Our findings revealed that 
acidic pH 3 resulted in the greatest removal capacity of 
COD. Therefore, further experiments were performed 
at pH 3. İrdemez et al. [27] reported a similar value for 
the best performing pH while investigating the effects of 
initial pH on phosphate removal from wastewater using 
iron plate electrodes. Although acidic pH enhances EC 
efficiency, setting up lower pH values for large-scale treat-
ment would require large quantities of acids, which may 
not be economically feasible.

3.3. The effects of supporting electrolyte type

Six different supporting electrolytes, including NaNO3, 
KNO3, KCl, NaCl, Na2SO4 and K2SO4 were tested. On aver-
age, 0.15 M concentrations of supporting electrolytes were 
prepared and CD 35 mA/cm2 and initial pH 3 were applied. 
The results for COD removal efficiency and energy consump-
tion are summarized in Figs. 5 and 6. Na2SO4 was the most 
effective supporting electrolyte and, at the same time, shows 
the greatest rate of energy consumption. These results agree 
with the results of a previous work [28] for iron electrode. 
They identify the effectiveness of the type of the supporting 
electrolytes as Na2SO4 > NaCl > NaNO3. One reason is that 
iron dissolves more easily when using sodium sulfate and 
less when using a nitrate anion electrolyte. This was men-
tioned by Izquierdo et al. [28]. Here, after 90 min of reaction, 
removal efficiency was 59.12%, 48.90%, 48.90%, 45.5%, 45.5% 
and 42.92%, for Na2SO4, K2SO4, NaCl, NaNO3, KNO3 and KCl, 
respectively (Fig. 5). This shows that generally, sodium-con-
taining electrolytes are more effective than potassium cation 
electrolytes for this treatment. Moreover, the nitrate anion 
for both sodium and potassium is the least effective electro-
lyte. In the case where reaction continues for 90 min the dif-
ference in energy consumption is varied between 22.23 and 
17.01 kWh/kg COD (Fig. 6). With KCl, the least amount of 
energy is consumed, because of its strong electrolytic char-
acteristic. The results show that although KCl and K2SO4 are 
less effective as supporting electrolyte materials to reach high 
removal capacity, they are the most appropriate salts eco-
nomically with regard to lower consumed energy per unit 
mass of removed COD.

3.4. The effects of supporting electrolyte concentration

To find the effect of supporting electrolyte concentra-
tion, tests were performed for 0.1, 0.15 and 0.20 M Na2SO4 
while CD 35 mA/cm2 and initial pH 3 being adjusted. The 
results are shown in Figs. 7 and 8 for COD removal and 
energy consumption against time, respectively. After 90 min, 
48.90%, 59.12% and 60.26% of COD was removed at 0.1, 0.15 
and 0.20 M Na2SO4, respectively. According to the graph, an 
increase in Na2SO4 concentration from 0.1 to 0.15 M showed 
a clear improvement in efficiency, but further increase from 
0.15 to 0.2 M, did not result in any meaningful improve-
ment in COD removal efficiency (Fig. 7). Similar result was 

Fig. 3. Energy consumption of EC for different current densities 
(pH 5, 0.15 M Na2SO4).

Fig. 4. Effect of pH value on COD removal efficiency 
(i = 35 mA/cm2; 0.15 M Na2SO4).
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reported elsewhere [29] and the increase of removal effi-
ciency was mainly attributed to more available coagulant 
delivered to the medium resulting to the higher conductivity 
of the solution and thereby increasing the rate of metal disso-
lution. Some researchers also suggested that the supporting 
electrolyte anions plays a role in destroying the passivated 
anode layer and increase the anodic dissolution rate of metal 
[30]. However, a higher concentration of supporting electro-
lyte lowers the consumed energy per kilogram of removed 
COD (Fig. 8). In general, an increase of electrolyte concentra-
tion causes a reduction in energy consumption rate, which is 

actually expected because of the increase in solution conduc-
tivity. Technically, 0.20 M concentration of sodium sulfate is 
recommended as the best performing value, but an economic 
feasibility study will determine its practical use on a larger 
scale.

3.5. The effect of hydrogen peroxide (electro-Fenton)

The co-application effect of EC and Fenton-based reac-
tions on the removal of COD was investigated with addi-
tion of different concentrations of hydrogen peroxide 
including 0.05, 0.10 and 0.20 M while CD of 35 mA/cm2, 
0.15 M Na2SO4 and initial pH 3 being applied. After 90 min 
of reaction, COD removal efficiencies were 77.29%, 81.83% 
and 88.65% at 0.05, 0.10 and 0.20 M H2O2 concentrations, 
respectively. The results summarized in Fig. 9 clearly show 
that higher concentrations of hydrogen peroxide signifi-
cantly assist COD removal. Similar result was reported 
elsewhere [31]. 

In addition to the effect of concentration of H2O2, the effect 
of addition mode on the performance of the process was also 
evaluated (Fig. 10). In the first run, all the 0.2 M H2O2 were 
added at once at the beginning. In the second run, 0.2 M H2O2 
was added as four equal parts at t = 0, 4, 8 and 12 min. The 
addition of all the H2O2 at the start ensured a rapid removal 
of COD until 45 min but this effect over a longer reaction time 
did not show any significant difference (Fig. 10). Electro-
Fenton effects are stronger at acidic pH and, consequently, 
the addition of a bulk amount of H2O2 at the start causes a 
considerable increase in EC removal efficiency. However, 
interestingly, there is no principal difference between two 
modes at a higher pH.

3.6. EC performance at the best operating condition

Finally, all the best obtained operational conditions were 
adjusted in a separate run to achieve the maximum COD 
removal. Therefore, the treatment was carried out at CD 
40 mA/cm2, initial pH 3, 0.20 M Na2SO4, and 0.20 M H2O2. 
The results for COD removal and energy consumption are 
presented in Figs. 11 and 12. This condition brought about 
almost 90.92% COD removal by reducing the initial COD 
of 15,500to 1,408 mg/L after 90 min. Further reaction time 
did not improve the efficiency (Fig. 11). The total consumed 

Fig. 5. Effect of different electrolyte type on COD removal 
efficiency (i = 35 mA/cm2; pH 3).

Fig. 6. Energy consumption of EC for different electrolytes 
(i = 35 mA/cm2; pH 3).

Fig. 7. Effect of Na2SO4 concentration on COD removal efficiency 
(i = 35 mA/cm2; pH 3).

Fig. 8. Energy consumption of EC for different Na2SO4 
concentrations (i = 35 mA/cm2; pH 3).
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energy was 10.6 kWh/kg COD removed at 90 min (Fig. 12). 
According to the previous reports, total energy require-
ment of a conventional activated sludge treatment facility 
[32,33] with an assumed influent of 500 mg/L COD for a 
normal domestic wastewater [33] was about 1.2 kWh/kg 
COD removed. Kushwaha et al. [34] used a synthetic dairy 

wastewater and found energy consumption of 2.76 kWh/kg 
of COD where the initial COD was 3,900 mg/L with 70% 
removal efficiency. The conventional activated sludge facil-
ities are not able to treat such polluted wastewater as in 
this work. The reported low energy consumption rate by 
other researchers was achieved when a low initial COD was 
treated. The 90.92% removal efficiency in this study com-
paring with 82% for a conventional activated sludge plant 
[32] is very significant especially with regard to much less 
reaction time for an EC process. The final obtained resid-
ual COD of 1,408 mg/L in the present work cannot be dis-
charged directly to surface waters and requires additional 
treatment to reach standard of 170 mg/L. The permitted 
COD load for discharge to treatment plant in industrial 
zone in Turkey is 4,000 mg/L. Therefore, the designed EC 
setup successfully satisfies the legal limits as a pretreatment 
attempt in a single step.

3.7. Characterization of EC treatment sludge using XRD and 
XRF analyses

XRF analysis was used to quantitatively determine the 
elemental composition of solid waste. For process specifi-
cations of CD 40 mA/cm2, pH 3, 0.20 M Na2SO4 as support-
ing electrolyte and 0.20 M H2O2 as an enhancing agent, the 
obtained sludge was subjected to centrifuge and then dried 
at 100 C. XRF analysis showed that iron and oxygen contrib-
ute, respectively, for 52.14% and 33.44% of the dried sludge 
mass (Table 2). According to Eqs. (2) and (3), iron precipi-
tates in the form of Fe(OH)2 and Fe(OH)3. These compounds 
are not stable and when subjected to heat or even in water 
could undergo dehydration or oxidization to different iron 
oxides [35]. XRD analysis (XRD; Rigaku, D/Max-IIIC, Japan) 
was done to determine the different iron oxide phases. Result 
for XRD in Fig. 13 reveals that both hematite (Fe2O3) and 
magnetite (FeO.Fe2O3) phases present in the dried sludge. 
Amorphous structure of sludge is the reason for widened 
peaks and too much noise in XRD pattern.

In addition to iron and oxygen, sodium and sulfur, exist in 
significant amount contributing to 7.80% and 5.24% of mass, 
respectively. High amount of sodium and sulfur is directly 

Fig. 9. Effect of H2O2 addition on COD removal efficiency 
(i = 35 mA/cm2; pH 3; 0.15 M Na2SO4).

Fig. 10. Effect of H2O2 addition mode on COD removal efficiency 
(i: 35 mA/cm2; pH 3; 0.15 M Na2SO4).

Fig. 11. Performance of reaction at best operating conditions 
(i = 40 mA/cm2; pH 3; 0.2 M Na2SO4; 0.20 M H2O2).

Fig. 12. Energy consumption of EC working at best operating 
conditions (i = 40 mA/cm2; pH 3; 0.20 M Na2SO4; 0.20 M H2O2).
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related to adsorbed or trapped supporting electrolytic ions 
of Na2SO4 in the sludge. Based on XRF analysis, sodium to 
sulfur proportion is 1.49 which is interestingly lower than 
stoichiometric mass proportion of 2.87 in Na2SO4. This is 
because sulfur also comes from other source, for instance, 
protein content of dairy wastewater. There are other elements 
in much lesser amount as presented in Table 2. 

4. Conclusion

Our findings show that EC with the proposed reac-
tor configuration is a highly effective process for treating 
cheese whey wastewater. Proposed batch-type reactor with 
its uniquely designed screw type iron anode impeller along 
with an iron shell as cathode is confirmed to be very effi-
cient. Effective operational parameters such as CD, initial 
pH, supporting electrolyte type and its concentration and the 
addition of hydrogen peroxide (electro-Fenton effects) are 
concluded to have significant impacts on removal efficiency 
and changes in process demand for electrical energy as well. 
A summary of findings is as follows:

• Current densities of 30, 35 and 40 mA/cm2 were exam-
ined. The 40 mA/cm2 was the most efficient CD with 
65.94% COD removal efficiency

• Initial pH values of 3, 5, 7 and 9 were tested. Acidic pH 3 
resulted in the greatest removal capacity of COD.

• Six different supporting electrolytes, including NaNO3, 
KNO3, KCl, NaCl, Na2SO4 and K2SO4 were used. Na2SO4 
is found to be the most effective supporting electrolyte.

• Three supporting electrolyte concentrations including 
0.1, 0.15 and 0.20 M Na2SO4 were examined. Technically, 
0.20 M concentration of Na2SO4 is recommended.

• Hydrogen peroxide addition (electro-Fenton effect) in 
0.05, 0.10 and 0.20 M concentrations showed significant 
improvement in COD removal efficiency while 0.20 M to 
be the best choice.

• A separate run for the best performing conditions at 
CD 40 mA/cm2; pH 3; 0.20 M Na2SO4 and 0.20 M H2O2 
resulted in 90.92% COD removal by reducing the initial 
COD of 15,500 to 1,408 mg/L after 90 min of reaction.

• XRF analysis showed that 74.52% of the dried sludge 
mass was composed of iron oxide. Further XRD analy-
sis showed presence of magnetite phase in the solid. It is 
concluded that the obtained sludge can be used as an iron 
source in other applications.

The legal limits for the direct discharge of cheese indus-
tries wastewater to the surface waters in Turkey is 170 mg/L 
COD and the permitted COD load for discharge to treatment 
plant in industrial zone is 4,000 mg/L. Therefore, the designed 
EC setup in this work with final COD of 1,408 mg/L, success-
fully satisfies the legal limits as a pretreatment attempt in a 
single step. 
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