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Abstract
The significant increase in the turnip sector has brought a wastewater problem that needs to be managed. In this study, turnip 
juice wastewater treatment was studied using the electrocoagulation/electroflotation and electrooxidation processes. Inde-
pendent process parameters such as electrode type (aluminum–aluminum, iron–iron, boron-doped diamond–platinum and 
graphite–platinum), current density (25–100 A/m2) and retention time (15–180 min) were investigated for the optimization 
of treatment conditions. Removal efficiencies of chemical oxygen demand and total phenol were studied. It was determined 
that the optimum removal efficiencies in both electrocoagulation/electroflotation and electrooxidation processes were the 
same under the conditions of 100 A/m2 current density, pH 5.4, and 45 min reaction time. Here, 100% removal efficiencies 
were achieved for both chemical oxygen demand and total phenol. The operating cost of the electrocoagulation/electroflota-
tion process was calculated as 1.58 $/m3, while it was determined as 0.61 $/m3 for electrooxidation for the optimum removal 
parameters. It is seen in laboratory scale test results that electrocoagulation/electroflotation and electrooxidation processes 
are applicable/feasible for the treatment of turnip juice wastewater.

Keywords Chemical oxygen demand · Electrocoagulation · Electroflotation · Electrooxidation · Total phenol · Turnip juice 
wastewater

Abbreviations
Al  Aluminum
BDD  Boron-doped diamond
COD  Chemical oxygen demand
EC  Electrocoagulation
EF  Electroflotation
EO  Electrooxidation
EPPG  Edge plane pyrolytic graphite
Fe  Iron
GRA   Graphite
OC  Total operation cost
SS  Stainless steel
ZR  Zirconium

Introduction

Turnip juice, which is a fermented beverage, has become 
popular in Turkey and even abroad in recent years due to 
its taste and beneficial properties. It has become a widely 
consumed beverage (Ekinci et al. 2016). Therefore, turnip 
juice industry has begun to be a developing sector in Tur-
key (Jakubowski 2017). With the widespread production 
and consumption of turnip juice, the number and capacities 
of enterprises producing turnip juice have also increased 
(Tulun et al. 2019). For this reason, the treatability of turnip 
juice wastewater has become one of the important problems 
nowadays.

With the popularity of turnip, studies on its chemical and 
microbiological properties have been carried out and are still 
being carried out (Tangüler et al. 2015; Özer et al. 2015), 
but the study on wastewater treatment is very limited. One 
of the most prominent studies carried out on this subject was 
studied by Tulun et al. (2019) on the removal of anthocyanin 
in turnip juice wastewater. In the study in which the removal 
by adsorption was investigated, the rate of color removal 
was found to be as low as 14%. However, it is known that 
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turnip juice wastewater has a significant amount of organic 
and phenol content. There is no study in the literature on the 
removal of these two compounds from turnip juice wastewa-
ter. It is known that electrochemical treatment methods have 
shown successful performances in both organic and phenol 
removal so far (Fajardo et al. 2015; Malakootian et al. 2018; 
Abou-Taleb et al. 2021).

The Electrocoagulation/Electroflotation (EC-EF) process, 
which combines the classical adsorption, coagulation and 
flotation processes, is a widely used method in wastewa-
ter treatment. EC-EF process depends on generating in situ 
coagulants from the sacrificial anode such as aluminum and/
or iron and electrolysis on cathode which helps to remove 
pollutants by flotation (Deveci et al. 2019).

It is well known that in EC process the main reactions 
occurring at the aluminum and iron electrodes during elec-
trolysis are as follows:

For aluminum electrode;
Anode:

Cathode:

Overall:

For iron electrode;
Anode:

Cathode:

Overall:

In electrooxidation (EO), unlike electrocoagulation, the 
main task of the anode is the oxidation of organics on the 
anode surface through the hydroxyl radicals produced from 
the reaction with water (Garcia-Morales et al. 2013).

For boron-doped diamond (BDD) electrode;

(1)Al(s) → Al3+ + 3e−

(2)2H2O + 2e− → H2 + 2OH−

(3)Al3+ + 3OH−
→ Al(OH)3

(4)4Fe(s) → 4Fe2+ + 8e−

(5)4Fe2+ + 10H2O + O2 → 4Fe(OH)3 + 8H+

(6)8H+ + 8e− → 4H2

(7)4Fe(s) + 10H2O + O2 → 4Fe(OH)3 + 4H2

(8)BDD + H2O → BDD (∙OH) + H+ + e−

(9)BDD (⋅OH) + R → BDD + mCO2 + nH2O

Until today, electrochemical treatment methods have 
been used in the treatment of industrial wastewater con-
taining many pollutants and high organic content such as 
brewery (Dizge et al. 2018; Wysocka and Masalski, 2018), 
bilge (Akarsu et al. 2016), inorganics and heavy metals 
(Deniz et al. 2018; Deveci et al. 2019), laundry (Dimoglo 
et al. 2019; Akarsu et al. 2020), olive oil (Ntaikou et al. 
2020), pharmaceutical (Farhadi et al. 2012), textile (Núñez 
et al. 2019).

The aim of this study was to study the removal of 
organic matters and total phenol from turnip juice waste-
water, to determine the effects of reactor components, and 
to design the parameters such as electrode (aluminum-
aluminum and iron-iron for electrocoagulation-electro-
flotation, boron-doped diamond-platinum and graphite-
platinum for electrooxidation), current density (25–100 
A/m2), and operating time (15–180 min) and to calculate 
the operation cost.

Materials and methods

The composition of raw wastewater

Turnip juice wastewater characterization was carried out 
by using samples from a full-scale turnip juice produc-
tion industry located in Adana, Turkey. The generated 
turnip juice wastewater amount is about 5  m3/d. Samples 
were collected in June 2021 and kept in the refrigerator 
at ± 4 °C. Wastewater was not diluted and it was used as 
received in the further experiments. The physicochemical 
properties of the turnip juice wastewater are summarized 
in Table 1.

(10)BDD (⋅OH) + R → BDD + 1∕2 O2 + H+ + e−

Table 1  Turnip juice wastewater characteristics

Parameter Unit Raw WSW The permissible limits in 
the Turkish regulations

(Composite 
samples 2 h)

(Composite 
samples 
24 h)

pH − 5.38 ± 0.18 6–9 6–9
COD mg/L 806 ± 16 160 110
Total phenol mg/L 28.86 ± 2.35 – –
Chloride mg/L 1099 ± 22 – –
Anthocyanins mg/L 4.5 ± 0.5 – –
Color Pt–Co 325 ± 12 280 260
Conductivity mS/cm 1122 ± 85 – –
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Experimental setup for electrochemical treatment

Electrochemical experiments of turnip juice wastewater 
were accomplished in cylindrical borosilicate reactor with 
an active volume of 250 mL. A schematic diagram was rep-
resented for the electrochemical experimental setup (Fig. 1). 
The wastewater was mixed at 300 rpm using a magnetic 
stirrer (Wisd -Wisestir msh-20A, Germany) and a Teflon 
coated magnetic stir bar. Iron (Fe) and Aluminum (Al) 
were utilized as anode/cathode electrode pairs for electro-
coagulation experiments. Graphite (Gra) and Boron-Doped 
Diamond (BDD) were used as anode; however, Platinum 
(Pt) was used as cathode for electrooxidation experiments. 
Plate shaped Al, Fe, BDD, and Gra electrodes with dimen-
sion of 5 cm width × 8 cm high × 1 mm thickness were used 
which has 40  cm2 of total effective area and 2 cm of distance 
between the electrodes were set. In order to avoid deviations 
in the results, impurities on the surface of the electrodes 
were removed using acidified water before each experiment. 
The required current was transmitted to the electrodes using 
a rectifier (AATech ADC-3303D, maximum current of 30 
A, Germany).

Methods of analysis for treated wastewater

Three studied current densities (25, 50, and 100 A/m2) and 
six altered retention times (15, 30, 45, 60, 120, and 180 min) 
were investigated for electrochemical treatment of wastewa-
ter. Samples taken at predetermined times were centrifuged 

for 5 min at 6000 rpm using the Hettich-Zentrifugen EBA20 
centrifuge device. The COD and total phenol were analyzed 
according to the Standard Methods for the Examination of 
Water and Wastewater (Baird and Bridgewater 2017). A multi-
parameter device (Hach-Lange HQ40d) was used to measure 
pH and conductivity. All experiments were accomplished in 
duplicates. Removal or elimination efficiencies are calculated 
using Eq. 11:

where  Ci is the initial concentration and  Cf is the concentra-
tion after definite reaction time t (min).

Operation cost calculation of electrochemical 
process

It is known that it is important for industries to keep the oper-
ating cost of the wastewater treatment plant to a minimum 
level (Dizge et al. 2018). The basic cost calculation in electro-
chemical processes is found by summing the electricity and 
electrode costs.

The operation cost (OC) of EC-EF and EO processes is 
calculated by Eq. 12

where OC is the operation cost ($/m3), α is the price for 
electrical energy ($ kW/h) (0.074 US$ kW/h according to 
the Turkish market in July 2021), β is the price for electrode 
materials ($/kg) (1.47 US$/kg Al electrode according to the 
Turkish market in July 2021).

The maximum dissolved mass of electrode could be reach 
theoretically according to Faradays’ law and it could be cal-
culated by Eq. 13

where  Celectrode is the electrode consumption (kg/m),  Winitial 
is the weight of the electrode (kg) before the study,  Wultimate 
is the weight of the electrode (kg) after the study, and maxi-
mum dissolved mass of electrode could be is the active vol-
ume  (m3).

where  Cenergy (kWh/m) is the electrical energy consumption, 
U is the voltage (V), i is the applied current (A), t is the 
treatment time (h), and � is the active volume  (m3) (Eq. 14).

(11)Removal Efficiency (%) = (Ci − Cf)∕Ci × 100

(12)OC = � × Cenergy + � × Celectrode

(13)Celectrode =
Winitial −Wultimate

�

(14)Cenergy =
itU

�

Fig. 1  A schematic diagram for the electrochemical experimental 
setup
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Results and discussion

Chemical oxygen demand removal from turnip juice 
wastewater

The changes in current and retention time on the COD 
removal efficiency for electrode pairs are given in Fig. 2A–D. 
The COD removal efficiencies were increased in the range of 
1.34–39.3%, 5.1–100%, 15.4–42.1%, and 15–100% at cur-
rent density of 25–100 A/m2 for Fe–Fe, Al–Al, Gra–Pt, and 
BDD–Pt anode/cathode electrodes, respectively. The Al-Al 
(Fig. 2B) and BDD-Pt (Fig. 2D) electrode pairs supplied 
the highest COD removal at 100 A/m2 current density and 
45 min retention time. On the other hand, lower results were 
obtained with Fe–Fe (Fig. 2A) and Gra–Pt (Fig. 2C) elec-
trode pairs. For these electrodes, increasing the retention 
time and current density did not cause a significant change.

The reason for the high removal efficiency with the alu-
minum electrode is that aluminum hydroxide compounds 
begin to form at pH 4 and have the lowest solubility at pH 
6.2 (Yang and Mcgarrahan 2005). It is a well-known fact 
that in order to obtain high efficiency in electrocoagulation 
with aluminum electrode, it is necessary to work at pH val-
ues close to neutral (Deveci et al. 2019). It was observed 
that the removal efficiency increased as the current density 

increased in all electrodes as expected. It has been stated 
in many studies that as the current density increases, the 
removal efficiency of organic pollutants increases (Bayar 
et  al. 2011). It is also stated in Fadaray's law that the 
amount of dissolved electrode increases in parallel with 
the increase in current density (Dizge et al. 2017).

Maximum efficiency was reached at 45 min for both 
electrodes (Al-Al and BDD-Pt), which provided 100% 
removal efficiency. However, although the retention time 
is extended up to 180 min at lower current density, it is 
seen that the removal efficiency reaches only 88%.

It can be said that the removal efficiency is high in the 
Al-Al electrode, where the best efficiency is obtained, and 
the Al(OH)3 particle formation is high due to the increase 
in the  Al3+ ions released to the environment as the current 
density increases (Deghles and Kurt 2016). Another pos-
sible reason for the high removal efficiency is the increase 
in the formation of bubbles on the electrode surface with 
the increase in current density (Tansel et al. 2006).

BDD electrodes are widely used in many wastewater 
treatment processes due to their outstanding performance 
for the degradation and mineralization of organic com-
pounds (Isik et al. 2021; Soriano et al. 2019). As expected 
in this experiment, it provided 100% removal efficiency 
under conditions of sufficient current density.

Fig. 2  Effect of current density 
and reaction time on COD 
removal by using A Fe–Fe 
electrodes, B Al–Al electrodes 
C Gra–Pt electrodes and D 
BDD–Pt electrodes
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Phenol removal from turnip juice wastewater

EC-EF and EO were also used and compared on treat-
ment of phenol in turnip juice wastewater. The results are 
shown in Fig. 3A-D. The results showed that the phenol 
removal was affected with increase in the current density. 
The phenol removal efficiencies were increased in the range 
of 29.6–88.3%, 45.9–100%, 22.3–84.5% and 39.6–100% at 
current density of 25–100 A/m2 for Fe–Fe, Al–Al, Gra–Pt 
and BDD–Pt anode/cathode electrodes, respectively.

In the literature, it has been reported that it provides bet-
ter efficiency in the electrochemical removal of phenolic 
compounds in neutral or acidic conditions (Fajardo et al. 
2015; Adhoum and Monster 2004). Moreover, as stated in 
Eqs. (1)–(3), the adsorption capacity of Al(OH)3 is higher at 
acidic and neutral pH (Khorram and Fallah 2018).

BDD can easily degrade organics such as phenol. The 
removal efficiency of phenol by BDD was determined as 
100% at 45 min and 100 A/m2 current density, which was 
higher than that by Gra-Pt (84.5%).

According to literature studies, there are two ways to 
remove organic pollutants using BDD anode. One of them 
is direct oxidation on the anode surface and the other is 
indirect oxidation with radicals such as hydroxyl radicals, 
peroxodisulfates or active chlorine (Isik et al. 2020). As 
encountered in this study, Ogando et al. (2019) also reported 

that phenolic compounds decreased more in treatments with 
higher voltage. This is particularly evident in BDD–Pt and 
Al–Al electrodes, where maximum efficiency is achieved. In 
conditions where the current density is 25 A/m2, the removal 
efficiency is 40%, and when the current density is increased 
to 100 A/m2, the efficiency reaches 100%.

Compared to the 45 min treatment time of COD, 100% 
removal of phenol was achieved in just 15 min. This situ-
ation is compatible with literature studies. In studies car-
ried out in different wastewaters, maximum removal effi-
ciencies have been achieved in periods varying between 15 
and 30 min (Malakootian and Heidari 2018; Khandegar and 
Saroha 2013).

Effect of retention time on pH changes

As the reactions continue in the reactor, the pH of the 
environment also changes. Depending on these reactions, 
controlling the pH is a challenging process. However, it is 
important to follow the changes in the pH of the environment 
in order to have an idea about the reactions taking place. 
In conditions where the pH is lower than 7, the increase in 
pH is expected as reported by many researchers (Chen et al. 
2000; Vik et al. 1984). In Fig. 4A–D, the variation of the 
ambient pH at different currents is shown.

Fig. 3  Effect of current density 
and reaction time on phenol 
removal by using (A) Fe–Fe 
electrodes, (B) Al–Al electrodes 
C Gra–Pt electrodes and D 
BDD–Pt electrodes
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While the pH of the wastewater increases for Al-Al and 
Fe–Fe electrodes during electrolysis, this situation differs 
in the electrooxidation process. The increase in the elec-
trooxidation process is less pronounced or, in some cases, 
a decrease in pH is observed. The reason for the significant 
pH increase in electrocoagulation is due to the increase in 
 OH− ions. With the Al–Al electrode, which achieved maxi-
mum removal efficiency, the final pH of the wastewater was 
7.5 during the 45-min treatment process at 100 A/m2 current 
density, and these results are very significant in the applica-
tion of electrocoagulation treatment of turnip juice waste-
water. This allows direct purification without the need for 
further pH adjustment.

Identification of the interaction between coagulant and 
pollutant particles is defined by the coagulation pathway 
itself, since the coagulation process is pH dependent (Duan 
et al. 2003). In this study, the ionic distribution of aluminum 
and iron, which we use as anodes in the electrocoagulation 
process, in the aqueous pH function for the ions formed by 
dissolving in water, tells a lot in the process of understanding 
it. The first metal hydroxide compound formed is Al(OH)2 
at pH 3 to 5.25 for aluminum electrode. In fact, as the pH 
continues to increase, the  H+ ion concentration increases, 
which tends to increase the  OH− concentration in the solu-
tion. As a result, multiple Al(OH)3 equilibria are formed.

Another reason for obtaining high yields at neutral or 
below pH for both iron and alum is that the isoelectric points 
of the metal hydroxides formed are close to this pH value 
(Ersoy et al. 2009). In addition, monovalent metal hydrox-
ide M(OH)2+ ions, which are known to increase coagulation 
through the charge-neutralization mechanism, are present in 
certain amounts (Fig. 5). Regarding the iron diagram, there are 
 Fe3+, Fe(OH)2 and Fe(OH)3 cationic species in the solution, 
since hydroxides cannot reach sufficient solubility constants in 
the pH range of 3 to 6.75. The iron hydrolysis balance, com-
pared to the aluminum hydrolysis balance, can cause multiple 
equilibria due to the divalent iron. It is not surprising that the 
pH dependent iron diagram presents different equilibria, as 
given in Fig. 5. There is a significant difference between the 
pH 3 and 6.75 range, which represents the working range of 
wastewater, compared to aluminum. Most importantly, if there 
is enough oxygen in the water, the oxidation potential of  Fe2+ 
ions might occur. A comparative study using electrochemical 
treatment for different kind of wastewater is found in Table 2.

Operation cost calculation of electrochemical 
processes

Optimum operating parameters were determined as 100 A/
m2 current density, pH 5.4, and 45 min reaction time for the 

Fig. 4  Variation of pH in reac-
tor by using A Fe–Fe electrodes, 
B Al–Al electrodes, C Gra–Pt 
electrodes, and D BDD–Pt 
electrodes
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Al–Al and BDD–Pt electrode pairs, both. Cost analysis was 
calculated using these factors and Eqs. 12–14. Energy and 
electrode consumptions were determined as 17.33 kWh  m−3 
and 1.2 kg  m−3 for Al-Al electrode and 17.33 kWh  m−3 for 
BDD-Pt electrodes (electrode consumption was not calcu-
lated for BDD electrode hence boron ionized in the elec-
trode corresponds to one per hundred thousand of the total 
electrode mass).

There is no study in the literature on the electrochemi-
cal treatment of turnip juice wastewater. Therefore, the 

OCAl−Al = 8.025 kWh m−3 × 0.074 $ kWh−1

+ 0.672kg m−3 × 1.47 $ kg−1 = 1.58 $ m−3

OCBDD−Pt = 8.288 kWh m−3 × 0.074$ kWh−1 = 0.61$ m−3

cost was compared with latest literature studies on electro-
chemical treatment of wastewaters. For example, Akarsu 
and Deniz (2021) studied the treatment of laundry waste-
water with aluminum and iron electrodes and calculate the 
operating cost of the electrocoagulation process as 1.32 
$/m3 for the optimum removal parameters with over 90% 
organic removal. In another study reported by Deveci et al. 
(2019), the treatment of tannery wastewater was carried 
out with aluminum electrodes and the cost for electrocoag-
ulation was calculated as 0.66 $/m3. However, it should be 
noted that the organic matters removal efficiency is limited 
to 60%. In electrooxidation process studies, Dizge et al. 
(2020) studied to treat pistachio wastewater, which has a 
high organic content, with BDD electrode. As a result of 
the study, the removal cost for electrooxidation was deter-
mined as 4.37 $/m3.

Fig. 5  Mole fractions of dis-
solved hydrolysis products in 
equilibrium with amorphous 
hydroxides of aluminum and 
iron. ( Adapted from Ersoy et al. 
(2009)

Table 2  A comparative study using electrochemical treatment for different kind of wastewater

Wastewater COD removal (%) Phenol 
removal (%)

Electrode type Current den-
sity (A/m2)

Source

Anode Cathode

Landfill leachate 90 100 Ti/IrO2–RuO2 Zr 320 Turro et al. (2011)
Olive Mill 76 91 Al Al 750 Adhoum and Monser (2004)
Olive Mill 40.3 84.2 Zn SS 250 Fajardo et al. (2015)
Olive Mill 71.2 88 Pt EPPG 200 Görmez et al. (2020)
Petroleum 50–60 100 Gra SS 30 Abou-Talep et al. (2021)
Pistachio 47.6 67.9 Al Al 300 Isik et al. (2020)
Pistachio 69.0 60.0 BDD SS 300 Isik et al. (2020)
Resin Effluent – 93 Fe Fe 60 Olya and Pirkami (2013)
Steel Industry 98 100 Al Al 15 Malakootian and Heidari (2018)
Synthetic – 98.6 Fe Fe 40 Kobya et al. (2012)
Synthetic – 99.2 Al Al 40 Kobya et al. (2012)
Table Olive Debittering – 82.6 Al Al 21.1 Niazmand et al. (2020)
Turnip juice 100 100 Al Al 100 This study
Turnip juice 100 100 BDD Pt 100 This study
Turnip juice 39.3 88.3 Fe Fe 100 This study
Turnip juice 42.2 84.5 Gra Pt 100 This study
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Conclusion

In this paper, removal performance and cost-efficiency of 
electrocoagulation/electroflotation and electrooxidation pro-
cesses were studied. Aluminum–aluminum electrode pair 
for electrocogulation-electrofolotation and boron-doped dia-
mond–platinum electrode pair for electrooxidation were the 
best choices for the removal of organic compounds, and the 
maximum removal was observed at 100 A/m2, pH 5.4 and 
45 min. The results showed that increasing the current and 
time the organic removal rate increased. The results indi-
cate that treated turnip juice wastewater met local regulatory 
requirements for discharge and reuse in Turkey.

The operating cost for Al-Al was calculated as 1.58 US$/
m3 while it was calculated 0.61 US$/m3 for BDD-Pt. In the 
study carried out with BDD, the dissolution of the electrode 
is very low due to the reaction, and one hundred thousandth 
of the boron on electrode passes into the water. Therefore, 
the operating cost of electrooxidation is very low.

The laboratory-scale test results indicate that the EC-EF 
and EO processes were feasible for the treatment of turnip 
juice wastewater as long as the correct electrode pair and 
appropriate operating parameters are preferred. The result 
herein provides feasibility and a platform for future research 
on a pilot scale and real scale studies.
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