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A B S T R A C T   

In this study, a variety of electrochemical and advanced oxidation processes (AOPs), such as sono (US), US/ 
hydrogen peroxide (H2O2), direct/alternating current-electro-Fenton (DCEF / ACEF), and sono-direct/alternating 
current-electro-Fenton (US + DCEF / US + ACEF) processes were compared in terms of their ability to remove a 
certain percentage of color and chemical oxygen demand (COD) from distillery industrial wastewater (DIW), as 
well as their impact on the amount of power required to treat the wastewater. According to experimental 
findings, the hybrid US + ACEF process produced complete color-100% and COD-100% removal efficiencies with 
a lower power consumption of 3.40kWhr m− 3 than single like US, DCEF, ACEF processes, and hybrid US/H2O2 
and US + DCEF processes. The consequences of significant operational parameters such as treatment time 
(30–210 min), sonication power (20–100 W) current density (0.1–0.6A dm− 2), pH (1–5), COD concentration 
(1500–7500 mg L− 1), inter-electrode distance (1–4 cm), H2O2 concentration (100–350 mg L− 1), pulse duty cycle 
(0.14–1.00) and combination of electrode (Al/Fe, Al/Al, Fe/Fe, Fe/Al) on the % COD removal efficiency and 
power consumption of DIW were investigated by using hybrid US + ACEF process. The synergistic index and 
water recovery between US and ACEF process were also investigated and reported in this work. When compared 
to the other processes, the US + ACEF method is the most appropriate since it can be used effectively and 
efficiently to remove pollutants from wastewater and industrial effluent.   

1. Introduction 

Waste management by the industries is one of the most serious 
environmental issues confronting the globe today [1–3]. Environmen
talists have a significant difficulty in the treatment of industrial waste
water produced by distilleries [4–6]. Therefore, more efficient and 
practical advanced treatment techniques are required to reduce the 

negative environmental effects and potential risks associated with dis
tillery industrial wastewater (DIW) discharges. These technologies must 
also be able to meet current regulatory standards. For the deterioration 
of DIW, several remediation studies have been described, based on 
microalgae [7,8], photo (UV)/ hydrogen per oxide (H2O2) [9], inte
grated aerobic biological oxidation and ozonation (O3) [10], microbial 
fuel cell [11,12], photo-catalytic degradation [13], ultrasound (US) and 
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enzyme [14], adsorptive treatment [15], electrochemical (EC) [16–18], 
and others. Advanced Oxidation Processes (AOPs) have garnered the 
greatest attention and acceptance of these approaches as treatment 
methods for organic waste removal since they have a high organic load 
in terms of chemical oxygen demand (COD) and a low five days- 
biochemical oxygen demand (BOD5) [19,20]. But for many AOPs, 
including photo-catalyst and Fenton (Fe2+/H2O2), photo-Fenton (UV/ 
Fe2+/H2O2) [21], and Fenton-like AOPs [22], pre-and post-treatment of 
wastewater is necessary. This include controlling the pH, mixing and 
separating the wastewater, forming sludge, regeneration of the catalyst, 
and activation. As a result of integrating the two approaches (EC & 
AOPs), i.e., hybrid Electrochemical Advanced Oxidation Processes 
(EAOPs) [23–25], it is possible to overcome these shortcomings of the 
individual AOPs. 

Combining sono-chemistry with electro-chemistry is an efficient 
technique to overcome the limitations of using either process alone 
[26–30]. The two processes have a unique synergism when they are 
employed together, and ultrasound’s high mixing and turbulence, which 
increases the production of •OH radicals in the reaction media, consid
erably improves the electrochemical reaction kinetics [26]. In general, 
the sono-electrochemical (US-EC) process is able to overcome the con
straints of electrode passivation and electrode fouling, as well as boost 
both the rate of mass transfer and the rate at which pollutants are 
degraded [31]. During the process of degrading persistent organic pol
lutants, the US-EC approach speeds up the reaction rate while also 
extending the life of the electrodes, improving mineralization efficiency, 
and allowing for in-situ cleaning of the electrode surfaces [28]. Elec
trochemical conversion involves either direct oxidation of pollutants at 
the electrode surface or mediation of these reactions by hydroxyl radi
cals (•OH), whereas sonolysis involves direct oxidation of pollutants 
through a thermolysis process occurring inside the microbubble [32]. 
Thus, the synergistic effect (SE) between the EC and AOPs depends on 
the types of pollutants, their degradative processes, advancements in 
mass transfer, and the role that microjets play in in-situ electrode acti
vation [33]. 

1.1. Mechanisms of US, DC/ACEF and US + DC/ACEF process 

1.1.1. Sono (US) 
Water is subjected to sonolysis (US), which yields OH radicals and 

hydrogen atoms. However, because of recombination, there is a 
considerable loss of •H and •OH species [34,35]. 

H2O+)))(Ultrasound)→HO• +H• (1)  

H • + • →H2O (2)  

H• +O2→HO•
2 (3)  

2HO•→H2O2 (4)  

2HO•
2→H2O2 +O2 (5)  

H• +H2O2→HO• +H2O (6)  

Pollutant+H2O2 +)))→CO2 +H2O (7)  

1.1.2. Direct/alternating current-Electro-Fenton (DC/ACEF) 
The electro-Fenton (EF) method, which uses iron (Fe) electrodes to 

remove contaminants from industrial effluent, can be expressed as fol
lows [36,37]. 

Anodic reaction: 

Fe→Fe2+ + 2e− (8) 

Cathodic reaction: 

2H2O+ 2e− →H2 + 2OH− (9) 

A sacrificial Fe anode is utilized as a source of Fe2+, and external 
hydrogen peroxide (H2O2) is supplied to the electrochemical system 
[30,34,38–40]. 

Fe2+ +H2O2→Fe3+ +HO• +OH − (10) 

This reaction is mostly propagated by the regeneration of ferrous 
ions by reducing the ferric species that are formed with H2O2 [41]. 

Fe3+ +H2O2→Fe2+ +HO•
2 +H+ (11) 

In order to maintain a reasonable level of HO• generation, higher 
ferrous ion dose is required. As a consequence, the Fenton and EF pro
cesses generate a significant quantity of ferric hydroxide sludge, which 
need extra separation steps and disposal. 

1.1.3. Sono-direct/alternating current-Electro-Fenton (US + DC/ACEF) 
Fenton’s reagent (Fe2+/H2O2) and sonication (US) work together 

synergistically in the US + EF process to decompose Fe–O2H2+ to Fe2+, 
which then interacts with H2O2 to form HO•, as shown in the Eqs. (12)– 
(13) [30,35]. So, the addition of EF to US improves both the creation of 
HO• and the replenishment of Fe2+ [41]. 

Fe − O2H2+ + )))→Fe2+ +OOH• (12)  

Fe2+H2O2 +)))→Fe3+ +HO• +OH− (13) 

Ghjair and Abbar, 2023, for the purpose of removing COD from 
hospital wastewater, investigated the viability of employing electro- 
Fenton (EF) and sono-electro-Fenton (SEF) techniques. They discov
ered that the EF system significantly improved when paired with the US 
approach. Finally, they confirmed that using SEF was a more effective 
and cost-efficient approach of treating hospital wastewater [42]. Mah
moudi et al., 2022 examined into the decolorization of two widely used 
textile dyes, such as Acid Black 172 and Disperse Blue 56, utilizing the 
combined sono-photo-electro-Fenton (SPEF) method. They also con
ducted a variety of comparisons of Fenton-based processes, including 
electro-Fenton (82–88%), sono-electro-Fenton (89.5–91%), photo- 
electro-Fenton (91.5–92.3%), and SPEF (95.5–97.4%). Additionally, 
they confirmed that the Fenton-based methods for water and wastewater 
purification were quite successful [39]. 

The efficiency of the sono-electro-Fenton method for removing the 
antibiotic cefixime from aqueous solutions was evaluated by Hasani 
et al. in 2020. In optimum experimental conditions, Cefixime antibiotic 
elimination by electro-Fenton was 81.7%, ultrasonic removal was 9%, 
and sono-electro-Fenton removal was 97.5%. Finally, they draw the 
conclusion that the sono-electro-Fenton process significantly affects the 
elimination of Cefixime [43]. Yousefi et al., 2019 explored the 
Sonoelectro-activated persulfate oxidation process for the treatment of 
petrochemical wastewater. They found that the combined system of 
sonoelectro-persulfate, electro-persulfate, sono-persulfate, persulfate, 
and ultrasound effectively removed COD by 82.31%, 68.97%, 21.11%, 
13.06%, and 2.6%, respectively. They concluded that the sonoelectro- 
activated persulfate oxidation process was a successful and effective 
method for treating petrochemical wastewater [44]. 

However, in order to compare the hybrid EAOPs to traditional 
treatment methods, one must also take into account of power con
sumption as one of the key EAOP parameters in addition to pollutant 
removal effectiveness [45]. There is a dearth of information on the po
tential use of the sono-direct/alternating current-electro-Fenton tech
nique to remove pollutants from industrial wastewater while calculating 
power consumption. Based on the reviewed literature, the current study 
compared the effectiveness of color and COD removal with power con
sumption from DIW using US: Sonolysis, US + H2O2: Sono-Hydrogen 
peroxide, DCEF: Direct Current-Electro-Fenton, ACEF: Alternating 
Current-Electro-Fenton, US + DCEF: Sono-Direct Current-Electro-Fen
ton, and US + ACEF: Sono-Alternating Current-Electro-Fenton process. 
To increase the percentage of color and COD removal efficiency with the 
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least amount of power consumption, operational parameters including 
sonication power (P), COD, pH, H2O2, inter-electrode distance (IED), 
current density (CD), pulse duty cycle (PDC), and combination of elec
trode (CE) have been studied. In addition, the findings of an examination 
into the synergistic index and water recovery utilizing sono and alter
nating current-electro-Fenton process are reported in this study. 

2. Materials and methods 

2.1. Wastewater collection 

The DIW used in this investigation was collected from distillery in
dustries in Erode, Tamilnadu, India. The wastewater sample was done 
using the grab sampling approach, then it was stored in a cold chamber 
at a temperature of +4 ◦C to prevent any deterioration in the quality of 
the wastewater. Experiments were carried out using a variety of chem
icals, including H2SO4, NaOH, K2Cr2O7, Na2S2O3, and (NH4)2Fe(SO4)2, 
etc. The analytical reagent (AR) grade chemicals were provided by 
Merck, India, and the chemicals were used in their unaltered form 
without any additional purification being performed. 

2.2. Characterization 

Standard methods were used to characterize the distillery’s indus
trial wastewater. Burnt sugar odor, dark brown color, pH: 4.1–4.3, 
7000–8000mgL–1 of Biochemical Oxygen Demand (BOD), 
80,000–90,000mgL− 1 of Chemical Oxygen Demand (COD), 
5550–5750mgL–1 of Total Dissolved Solids (TDS), and 15.44gL–1 of 
Total Suspended Solids (TSS) were all characteristics of the DIW. 

2.3. Methods 

Fig. 1 depicts the experimental setup used to study the sono- 
alternating current electro-Fenton (US + ACEF) process. The sonicat
ion (US) and electro-Fenton (EF) procedures were part of the experi
mental setup. The 1100 mL electrochemical setup was constructed using 
perpexiglass. Electrode configurations utilized as the anode and cathode 
included Al/Al, Fe/Al, Al/Fe and Fe/Fe. With a desired inter electrode 
spacing of 1–4 cm, the electrodes were arranged vertically and parallel 
to one another. After filling the reactor with 1000 mL of the wastewater, 
electricity was supplied to the electrodes by a carefully regulated DC/AC 

current (APLAB Ltd; Model L1606). The pH of the wastewater was 
measured using a pH meter (Elico; Model LI120) and adjusted using 
NaOH (0.1 N) and H2SO4 (0.1 N) solution. Following the setup for the 
experiment, using the DC/AC power supply, a constant DC was provided 
across the electrodes. Distilled water was used to optimally fill the US 
water bath (Power Sonic 405; 40 kHz, 350 W). To create an ultrasonic 
environment, the electro-Fenton apparatus was submerged in the ul
trasonic water bath. 

During both the DC/AC + EF and US + DC/AC + EF processes, the 
voltage and current of the electrochemical cells were measured using a 
multimeter at regular intervals. The samples were taken at pre
determined intervals during the processes and centrifuged in a REMI 
Model: R-24 (15,000 rpm, 10 min). After that, the samples were 
examined for color retention and COD elimination. The COD of the 
sample was assessed using the dichromatic closed reflux method 
(Spectroquant ® TR320), in accordance with the APHA’s recommen
dations. Using a UV/Vis–spectrophotometer (Spectroquant Pharo ® 
300), the samples colors were determined at the wavelength corre
sponding to the maximum absorbance max (λmax – 350 nm). 

To investigate the synergistic effects of US and ACEF process were 
conducted. The treatment time (30–210 min), sonication power (20–00 
W), current density (0.1–0.6Adm− 2), pH (1–5), COD (1500–7500 mg 
L− 1), inter-electrode distance (1–4 cm), H2O2 (100-350mgL− 1), pulse 
duty cycle (0.14–1.00) and combination of electrode (Fe/Fe, Al/Al, Fe/ 
Al, Al/Fe) were adjusted to study how adjusting these variables affected 
output COD removal efficiency, and power usage. 

2.4. Analysis 

2.4.1. Removal efficiency 
Using the following Eqs. (14) and (15), the percentage color and COD 

removal efficiency was determined [41,44]. 

Colorremovalefficiency, (%) =

(

1 −
At

Ai

)

*100 (14)  

Where, 
The absorbances of wastewater from DIW before and after treatment 

are Ai and At at the appropriate wave length (λmax), respectively. 

CODremovalefficiency, (%) =

(

1 −
CODt

CODi

)

*100 (15)  

Where, 
The Chemical Oxygen Demand (COD) of industrial effluent from 

distilleries before and after treatment is known as CODi and CODt, 
respectively. 

2.4.2. Power consumption 
The power usage, chemical, and equipment costs are factors that 

affect the operational costs of EC and AOPs. The following Eqs. (16)– 
(18) were used to determine the power requirements for the direct/ 
alternating-electro-Fenton (PCDC/AC+EF), sono (PCUS), and sono-direct/ 
alternating current electro-Fenton (PCUS+DC/AC+EF) processes [41,46]. 

Direct/Alternating current-Electro-Fenton process 

PCDC/AC+EF =
VIt
VR

, (kWhrm− 3) (16)  

Where, 
The average voltage (Volt) of a cell, denoted by V, and the current 

(Amp) being applied, denoted by I, VR is the amount of wastewater used 
(in liters), and t is the amount of time it takes for the reaction to occur 
(hour). 

Sono (US) process  

Fig. 1. Experimental set up of sono-alternating current-electro-Fenton (US +
ACEF) process. 
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PCUS =
Pel*t

VR*60*log
(
CODi
CODt

)*1000, (kWhrm− 3order− 1) (17)  

Where, 
In this equation, Pel is the amount of power consumed electrically (in 

kiloWatts). 
Sono-direct/alternating current-electro-Fenton process 

PCUS+DC/AC+EF = PCUS +PCDC/AC+EF , (kWhrm− 1) (18)  

3. Results and discussion 

3.1. Effect of operating parameters 

3.1.1. Reaction time (RT) 
The ability of EAOPs is significantly impacted by increasing the 

contact between the contaminant and the oxidative treatment agents 
when the electrolysis duration is increased [42], hence the focus of this 
research is on how well the US + ACEF process performs when the 
treatment time is changed. Different electrolysis periods (30–210 min) 
were used to study the effects of the US + ACEF process on the degra
dation, and power consumption of DIW with the Sonication Power (P)- 
100 W, Chemical Oxygen Demand (COD)-3000mgL− 1, pH-3, Hydrogen 
per Oxide (H2O2) -250mgL− 1, Inter-Electrode Distance (IED)-1 cm, 
Current Density (CD)-0.40 A dm− 2, Pulse duty Cycle (PDC)-0.50, Com
bination of Electrode (CE) -Fe/Fe) and the results are depicted in the 
Fig. 2. As demonstrated in Fig. 2, increasing the electrolysis time from 30 
to 180 min enhanced the efficiency of % COD removal from 33 to 100%. 
These findings are consistent with those reported by Garca-Morales 
[47]. This is because the US + ACEF process generates more ferrous 
ions, which in turn generates more hydroxyl radicals in the aqueous 
bulk, making it more effective at removing pollutants. As the rate of time 
electrolysis increased further from 180 to 210 min, their rates of % COD 
removal was decreased dramatically from 100 to 96%, respectively. The 
increase in time reaction corresponds to the release of an excessive 
amount of ferrous ions from the anode electrode’s surface, which may 
devour the created hydroxyl radicals and produce less reactive oxidizing 
agents [41,48]. 

In terms of application, power consumption is a significant mea
surement in electrochemical and AOPs for pollutant removal from 
wastewater. The power consumption was calculated using Eq. (18) 

based on the COD removal and the results was given in Fig. 2. The Fig. 2 
indicates that, the power consumption has increased from 1.9 to 4.1 
kWh m− 3 with an increase in treatment time from 30 to 210 min. When 
the treatment time increases, a constant amount of electrodes ions and 
their oxidizing species are produced. Increased power consumption via 
cell voltage results in an increase in hydroxyl radicals, which improves 
the COD removal [49]. 

3.1.2. Ultrasonic power (P) 
Ultrasonic power (P) is an important parameter of the combined 

process of US-EC because it has a direct relationship with the amount of 
cavitation bubbles collapsing on the electrode’s surface and the redox 
process current value [44]. While maintaining the other parameters 
values such as COD-3000 mg L− 1, pH-3, H2O2-250mgL− 1, IED-1 cm, CD- 
0.40Adm− 2, PDC-0.50, CE-Fe/Fe, and RT-180 min, the influence of ul
trasonic irradiation power on degrading efficiency and power con
sumption was examined in the range of 20–100 W. With an increase in 
the ultrasonic power value from 20 to 100 W, it was noticed that COD 
removal effectiveness improved from 84 to 100%, as shown in Fig. 3. 
This is due to fact that when ultrasonic power increases, more active 
cavitation bubbles are generated, more of them implode on the electrode 
surface, releasing more energy, increasing the sonochemical impact. In 
addition, the rate of •OH radical production increases, which is de
teriorates the pollutants [50,51]. Additionally, it was examined how 
ultrasonic power affected the amount of power consumption needed to 
degrade DIW and the results are depicted in Fig. 3. It was found that the 
power usage was increased from 3.1 to 3.4 kWh m− 3 when ultrasonic 
power increased from 20 to 100 W. This is because, with greater P, more 
current is needed, and hence more power is consumed. As reported by 
Thokchom et al., 2015 [51] energy usage increases from 0.033 to 0.127 
kWh while going from 40 to 100 W of ultrasonic power. 

3.1.3. Pulse duty cycle (PDC) 
Whenever an alternating current (AC) is used in an electrochemical 

process, the pulse duty cycle (PDC) is a crucial variable [40,52–54]. A 
pulse duty cycle (θ) is the proportion of total of power-on time to the 
whole reaction cycle time. 

θ =
Powerontime

Wholereactioncycletime
(19) 

The Eq. (20) can be used to determine the impact of pulse duty cycle 
(Fig. 4(a)). 

Fig. 2. Effect of treatment time (RT) on the % COD removal and energy consumption in US + ACEF process (Conditions: Sonication Power (P)–100 W, Chemical 
Oxygen Demand (COD)–3000mgL− 1, pH–3, Hydrogen per oxide (H2O2)–250mgL− 1, Inter–electrode distance (IED)–1 cm, current density (CD)–0.40 A dm− 2, Pulse 
duty cycle (PDC)–0.50, and Combination of electrode (CE)–Fe/Fe). 
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Fig. 3. Effect of US power on the % COD removal and energy consumption by US + ACEF process (Conditions: COD–3000mgL− 1, pH–3, H2O2–250mgL− 1, IED–1 cm, 
CD–0.40Adm− 2, PDC–0.50, CE–Fe/Fe, and RT–180 min). 

Fig. 4. (a) Schematic diagram of US + ACEF process for the distillery industrial wastewater treatment (Anode or cathode operating is operating for 30 min, then 
replaced or interchanged with each other until sono–electro–Fenton process completed). (b) Effect of pulse duty cycle on % COD removal and power consumption in 
US + ACEF process (Conditions: COD–3000mgL− 1, pH–3, H2O2–250mgL− 1, IED–1 cm, CD–0.40Adm− 2, CE–Fe/Fe, P–100 W, and RT–180 min). 
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θ =
ton

(ton + toff )
=

ton
T

(20) 

The evaluation of PDC impact on % COD elimination and power 
consumption was shown in Fig. 4 (b) with the operating conditions such 
as COD-3000 mgL− 1, pH-3, H2O2-250 mgL− 1, IED-1 cm, CD-0.40 
Adm− 2, CE-Fe/Fe, P-100 W, and RT-180 min, respectively. Increased 
the PDC from 0.14 to 0.50, increased the percentage of COD removal 
from 81 to 100% and reduced power consumption from 4.30 to 
3.40kWhrm− 3. However, when the PDC was raised from 0.50 to 1, the 
percentage of COD elimination dropped from 100% to 85% while the 
energy consumption went up from 3.40 to 4.40kWhr m− 3. These find
ings are consistent with those reported by Ren [52].The experimental 
results showed that at a lower and higher value of the PDC, the % COD 
removal and the power consumption of the US + ACEF process were 
similar to that of the US + DCEF process [52]. Based on the findings of 
the experiments, the optimal range for the pulse duty cycle to provide 
maximum pollution eradication with minimal power usage is between 
0.45 and 0.55. 

3.1.4. H2O2 concentrations 
When using the sono-electro-Fenton method (US + EF), the con

centration of H2O2 is the primary source of •OH production [38,48]. A 
scavenging effect is exerted on the OH that is created by the presence of 
excess H2O2 in the reaction solution. Additionally, COD content of 
wastewater is increased by residual H2O2 in the effluent. Rising H2O2 
dose also increases treatment costs since it is one of the key operating 
expenses. Therefore, optimizing H2O2 is crucial for the US + EF reaction. 
The influence of H2O2 on the treatment efficiencies of US + ACEF pro
cess was investigated at a fixed COD of 3000mgL− 1, pH of 3, IED of 1 cm, 
CD of 0.40Adm− 2, PDC of 0.50, CE of Fe/Fe, P of 100 W, and RT of 180 
min. As seen in Fig. 5 raising the H2O2 concentration from 100 to 250 mg 
L− 1, increased the COD removal efficiencies from 65 to 100%. The 
observed results agreed with the findings of Serkan S¸ahinkaya [38]. 

Therefore, more •OH was produced by increasing the dose of H2O2, 
leading to improved treatment efficiencies [48]. In contrast, the rate at 
which COD eliminated was decreased from 100 to 90 % with further 
increasing H2O2 concentrations from 250 to 350 mg L− 1, respectively. 
This is due to the recombination of hydroxyl radicals, scavenging effect 
of H2O2 and inhibition of iron corrosion by H2O2 as shown in Eqs. (21)– 
(23) [55]. 

HO• +H2O2→HO•
2/O

•−
2 +H2O (21)  

HO•
2 +HO•→H2O+O2 (22)  

HO• +HO•→H2O2 (23) 

After examining different H2O2 concentrations, it was determined 
that 250 mg L− 1 is the optimum for US + ACEF methods. Fig. 5 displays 
the results of an analysis of power usage based on COD elimination, 
showing a significant drop from 4.2 to 2.8kWhrm− 3 when H2O2 con
centration was increased from 100 to 350 mg L− 1. Perhaps as a result, 
the voltage of the cells dropped as the concentration of H2O2 increased. 
There is a one-to-one relationship between cell voltage and the associ
ated running costs and energy requirements. 

3.1.5. Initial pH 
Particularly in Fenton chemistry, pH plays a significant influence in 

the electrochemical process [35,38]. The effectiveness of electro
chemical processes like electro-oxidation and EF is greatly influenced by 
the pH of the solution. The pH of a solution directly affects the stability 
of H2O2, the rate at which OH radicals are produced, and the type and 
shape of iron that is precipitated out of the solution [48]. For optimal 
results from the EF method, acidic pH levels are preferred (pH from 2 to 
4) [38]. Due to the accelerated HO• formation, which results in the 
development of the oxidation potential at this pH range, it is possible to 
efficiently speciate iron and produce hydrogen that are suited for the 
Fenton reaction [56]. The effectiveness of the process reduces at high pH 
levels, notably pH over 5, since H2O2 decomposes quickly into H2O and 
CO2 in alkaline environments owing to structural instability. Addition
ally, increasing pH lowers •OH potential for oxidation [48]. 

Variations in COD removal efficiency were analyzed between pH 1 
and 5 (Fig. 6). The following parameters were used to carry out this 
section of the study: COD-3000 mg L− 1, H2O2-250mgL− 1, IED-1 cm, CD- 
0.40 Adm− 2, PDC-0.50, CE-Fe/Fe, P-100 W, and RT-180 min. Results 
show that pH has a significant impact on both COD removal efficiency 
and electricity usage. The pH was raised from 1 to 3, increased the COD 
removal efficiency and power consumption from 87 to 100% and 2.4 to 
3.4 kWh m− 3, respectively. Further increasing the pH from 3 to 5 (Fig. 6) 
decreased the COD removal efficiency and power consumption from 100 
to 80% and 3.4 to 2.75 kWh m− 3, respectively. Our finding could be 
explained by the fact that the oxidation potential of •OH decreased with 
increasing pH. Because of the formation of insoluble ferric hydroxo 
complexes at high pH, •OH production is suppressed. Above a pH of 3, 
Fe3+ began to precipitate in the form of amorphous Fe(OH)3. The pro
duction of Fe(OH)3 not only reduced the concentration of dissolved Fe3+, 

Fig. 5. Effect of H2O2 on the % COD removal and energy consumption by US + ACEF process (Conditions: COD–3000mgL− 1, pH–3, IED–1 cm, CD–0.40Adm− 2, 
PDC–0.50, CE–Fe/Fe, P–100 W, and RT–180 min). 
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but it also prevented Fe2+ regeneration by partly covering the electrode 
surface. The optimal pH in EAOPs for maximum pollution removal was 
shown to be 3. 

3.1.6. Current density (CD) 
Studies evaluating the impact of the applied current density on the 

EAOPs system are regarded crucial since it affects the efficacy of the 
electrochemical process and the cost of the treatment [42]. Up to a 
certain value, increasing the applied current will enhance the efficiency 
of electrochemical processes, which is also correlated with an increase in 
the amount of •OH generated in the solution and the speedy reduction of 
ferrous ion. However, if the applied current is increased at higher, 
parasitic reactions of HO will become visible. Therefore, using appro
priate current levels to achieve the desired efficiency is a significant 
needed. As shown in Fig. 7, the current density was changed from 0.1 to 
0.60 A dm− 2, which is resulted in an increase in the percentage of COD 
elimination from 32 to 100%. These findings agree with those published 
by Yazici Guvenc [57]. This is because of an increase in Fe2+ generation 

and electroreduction of Fe2+ from Fe3+ ion, both of which contributed to 
improved HO• formation [41,42]. In order to increase the percentage of 
COD removed, raising the current density increases the quantity of 
oxidized iron produced from the electrode. However, voltage increases 
as current density rises. It seems that the anodic scarification and pro
duction of Fe2+ ions, the primary element required to perform the 
Fenton reaction, are accelerated at higher current densities, in accor
dance with Faraday’s law [58]. 

Fig. 7 implies that power consumption increased from 1.10 to 5.3 
kWh m− 3 with the rising current density from 0.1 to 0.6 A dm− 2 because 
the cell potential increased with the increasing current density, directly 
proportional to the power consumption. To minimize heat generation, 
extra O2 evolution at a higher current density, and to ensure maximum% 
COD elimination at the lowest level of power consumption, the current 
density must remain at an optimal level [59]. 

3.1.7. Inter-electrode distance (IED) 
According to the research available [29], the electrical resistance 

Fig. 6. Effect of pH on the % COD removal and power consumption by US + ACEF process (Conditions: COD–3000mgL− 1, H2O2–250 mg L− 1, IED–1 cm, 
CD–0.40Adm− 2, PDC–0.50, CE–Fe/Fe, P–100 W, and RT–180 min). 

Fig. 7. Effect of current density on the % COD removal and energy consumption in by US + ACEF process (Conditions: COD–3000mgL− 1, pH–3, H2O2–250mgL− 1, 
IED–1 cm, PDC–0.50, CE–Fe/Fe, P–100 W, and RT–180 min). 
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within the electrochemical units and the development of the passive 
layer on the anode surfaces are both affected by the distance between 
the electrodes [60]. As a result, research has begun to establish if the IED 
impacts the effectiveness with which the US + ACEF can remove COD. 
These tests were initiated with an IED of 1 to 4 cm, and the following 
parameters were COD-3000 mg L− 1, pH-3, H2O2-250mgL− 1, CD- 
0.40Adm− 2, PDC-0.50, CE-Fe/Fe, P-100 W, RT-180 min. When shown in 
Fig. 8, the findings revealed that as the IED was increased from 1 to 4 cm, 
the percentage of COD removed was reduced from 100 to 60%. Fig. 8 
also shows that an increased in IED from 1 to 4 cm resulted in a increase 
in power usage from 3.4 to 8.2kWhrm− 3. The growth of a passive layer 
on the anode and the increase in electrical resistance are to held 
responsible for the negative effects of increased IEDs on the performance 
maintained throughout: of the electro-Fenton process [29]. This limits 
the production of coagulants and, as a result, reduces the electro-Fenton 
process’s effectiveness. As a result, an IED of 1 cm was determined to be 
the optimum value for computing the operating cost, taking into account 
the findings of power consumption and COD reduction. 

3.1.8. COD concentration 
Since pollutant concentration has been presented as effective factors 

in electrochemical processes, this investigation additionally assessed the 
impact of COD initial concentration on removal efficiency [44,48]. 
Optimal conditions were used in this study, which included operating 
the process with COD ranging from 1500 to 7500 mg L− 1 at pH-3, H2O2- 
250mgL− 1, IED-1 cm, CD-0.40Adm− 2, PDC-0.50, CE-Fe/Fe, P-100 W, 
and RT-180 min. The results showed that in Fig. 9 the degrading effi
ciency dropped from as the concentration of starting COD increased 
from 1500 to 7500 mg L− 1, with the US + ACEF process achieving ef
ficiencies of 100% and 46.5% at its best and lowest. These findings are 
consistent with those studied by Dargahi et al. (2021) [48]. Our study’s 
conclusions in this section can be summed up as follows: Since all ex
periments were conducted in the same operating condition, the same 
number of HO• are generated for each initial concentration of COD, and 
the HO• produced efficiently removes the significant quantity of COD at 
its low concentrations. However, the hydroxyl ions generated are 
insufficient for the breakdown of the additional pollutant present in the 
higher COD content. Additionally, the possibility of competition be
tween generated intermediates molecules increases when COD concen
trations are high, which is contributes to a decrease in COD removal 
efficiency [61]. As shown in Fig. 9, the use of the US + ACEF method 
resulted in a decrease in the amount of power required, which is reduced 

from 4.8 to 1.9kWhr m− 3 as the COD concentration increased from 1500 
to 7500 mg L− 1, respectively. 

3.1.9. Combinations of electrode (CE) 
One of the hybrid EAOP’s control criteria that influences not just the 

process’ effectiveness and performance but also its running costs is the 
electrode material chosen. Under constant experimental conditions, 
including P-100 W, COD-3000mgL− 1, pH-3, H2O2-250mgL− 1, IED-1 cm, 
CD-0.40Adm− 2, PDC-0.50 and RT-180 min for DIW using the US + ACEF 
process, the effect of electrode types on COD removal and power usage 
was studied using two anode and cathode materials such as Fe and Al. As 
shown in Fig. 10, the use of Fe/Fe led to a greater reduction in the 
amount of COD that was eliminated compared to the use of Fe/Al, Al/Fe, 
or Al/Al. Because the anode and cathode electrodes are the key com
ponents of the hybrid US + ACEF process, the performance of the hybrid 
system was impacted by the kind of electrode materials as well as the 
component composition of the anode and cathode electrodes. Since the 
oxidation potential of the Fe electrode is substantially higher than that of 
the Al electrode (–0.447 V compared to –1.662 V), this results in three 
times the quantity of Fe coagulant being formed during the process of 
contaminant removal [62,63]. The primary justification for this hy
pothesis is based on the possibility that particles made by Fe(OH)3 have 
a greater capacity for settling than those formed by Al(OH)3 [63]. 
Because of this considerations, in this investigation continued to utilize 
Fe electrodes both as the anode and cathode on DIW by employing the 
US + ACEF process. 

3.2. Comparison of US, US + H2O2, DCEF, ACEF, US + DCEF, US +
ACEF processes 

Fig. 11. (a) shows that the colour, COD elimination efficiency, and 
(b) power consumption time-dependent trends, which was developed 
utilizing the US alone, US + H2O2, DCEF, ACEF, US + DCEF, and US +
ACEF techniques. It is abundantly clear that the US + ACEF method 
resulted in a greater removal efficiency of color and COD while also 
resulting in a lower power usage than other methods. This phenomenon 
may be explained as the result of the reduction of Fe2+ anions in the US 
+ ACEF, which results in the generation of more powerful hydroxyl 
radicals [30]. However, compared to other processes, the combination 
of US and electro-Fenton has a larger synergistic impact to produce 
strong hydroxyl radicals, and ultrasonic irradiation may function as an 
activator for hydroxyl [38,41,48]. An increase in the mass transfer 

Fig. 8. Effect of inter-electrode distance on the % COD removal and energy consumption by US + ACEF process (Conditions: COD–3000mgL− 1, pH–3, 
H2O2–250mgL− 1, CD–0.40Adm− 2, PDC–0.50, CE–Fe/Fe, P–100 W, and RT–180 min). 
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reaction and the generation of hydroxyl radicals in the solution would be 
caused by a mechanical effect caused by ultrasonic radiation [35]. 
However, utilizing US/H2O2 and US irradiation did not significantly 
improve the removal efficiency of color or COD. Due to the fact that the 
cavitation process brought on by ultrasound only produced a minimal 
quantity of H2O2, the removal effectiveness of the US method for 
treating wastewater is practically nonexistent [44]. Since H2O2 chemical 
reaction rate is quite slow, the COD removal efficiency was not drasti
cally reduced when using just US/H2O2 and US process. The formation 
of more powerful oxidants of hydroxyl radicals accounts for the 
increased rate at which the direct and alternating current-electro-Fenton 
proceeds in comparison to US/H2O2 and US process alone. Babu
ponnusami and Muthukumar, 2012 observed similar results for COD 
removal from phenol degradation by combined sono-electro-Fenton 
process [64]. Serkan S¸ahinkaya, 2013 similar results were obtained 
for color and COD removal from synthetic textile wastewater using an 
ultrasound assisted electro-Fenton oxidation method [38]. The removal 
efficiency of combined US and AC/DCEF process is compared with other 

electrochemical and advanced oxidation process and given in the Table. 
1. As observed from the results (Table. 1), the combined processes gives 
higher removal efficiency than the individual, and also there are only 
few studies on the removal of pollutant with determination of power 
consumption from distillery industrial wastewater using EF process. 

The combination of US with DC/AC + EF process for the removal of 
color and COD from DIW is particularly concerned with power con
sumption in order to establish the hybrid process’s economic feasibility. 
The total power consumption of the hybrid US + DC/AC + EF process 
was computed using equation (16–18), and the results are displayed in 
Fig. 11. (b). The hybrid US + ACEF process eliminated 100% of color 
and 100% of COD while utilizing 3.4 kWhr m− 3 of power for the DIW, as 
shown in Fig. 1b. To remove the color and COD, single process such as 
US alone, US + H2O2, DCEF, ACEF, and US + DCEF needed substantially 
more power than the US + ACEF method. As a result, the hybrid US +
ACEF technique can be used to remove pollutants from almost any form 
of wastewater or industrial effluent, regardless of the source of the 
contaminants. The treated distillery industrial wastewater was tested in 

Fig. 9. Effect of COD on the % COD removal and energy consumption by US + ACEF process (Conditions: pH–3, H2O2–250mgL− 1, IED–1 cm, CD–0.40 Adm− 2, 
PDC–0.50, CE–Fe/Fe, P–100 W, and RT–180 min). 

Fig. 10. Effect combination of electrode on the % COD removal and energy consumption in US + ACEF process (Conditions: P–100 W, COD–3000mgL− 1, pH–3, 
H2O2–250mgL− 1, IED–1 cm, CD–0.40Adm− 2, PDC–0.50 and RT–180 min). 
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accordance with local public health reuse regulations, and the findings 
revealed that the treated water is safe for public and environmental 
health. 

3.3. Synergistic COD degradation achieved in the US + ACEF system 

The synergistic effects were assessed by comparing the COD removal 
rates of the two processes separately (UF and ACEF) and together (UF +
ACEF). R, the enhancement factor, was used to calculate these properties 
using the equation (24) [30]. When R equals to 1, the sum of the impacts 
of the combined processes is equal to the sum of the effects of the in
dividual. If the value of R is greater than one, it indicates that the sum of 
the impacts of the combined processes is greater than the sum of the 
effects of the individual. Finally, if R is less than one, it means that the 
sum of the impacts of the combined processes is less than the sum of the 
effects of the individual (opposite the synergetic effect) [44]. 

R =

(
TherateofCODremovalinthehybridtechnique

TherateofCODremovalinUS+ TherateofCODremovalinACEF)

)

(24) 

Results revealed an R > 1 synergistic impact between ultrasonic 
irradiation and ACEF, with an enhancement factor for COD elimination 
of 6.50 being calculated. 

This confirms that the findings of earlier studies, which is revealed 
that the combined process of generating radicals was far more active 
than either process alone, or that the energy needed for oxidation pro
cesses could be readily provided by US irradiation. However, the syn
ergistic impact is made obvious by the fact that the combined process 
was significantly more efficient in COD removal than either approach 
alone. Conclusions stronger •OH were produced during oxidation pro
cesses and anion reduction [38,41,48]. In addition, Fig. 11 illustrates 
that the combined impact of the US and ACEF process in COD elimi
nation, it was showed that the combination technique (US + ACEF) was 
much more effective at removing COD than either US irradiation or 
ACEF alone. The combination systems (US + ACEF and US + DCEF) 
removed COD by a percentage of 100% and 90%, respectively, whereas 
ACEF removed of 86%, DCEF removed of 73%, US/H2O2 removed of 
27%, and a solo US system removed of 11%, respectively. As a result, it 
stands to reason that the synergistic effect has taken place in the inte
grated process. The findings showed that although individual US had a 
little influence on COD elimination, US generated strong mechanical 
vibrations inside the system, which accelerated mass transfer in the 
aqueous medium. 

3.4. Water recovery 

The water recovery rate continues to be an essential criterion in all of 
the treatment techniques that are available for removing pollutants from 
industrial effluent and wastewater [40]. One definition of water recov
ery is the proportion of treated water to the total volume of wastewater. 
In order to determine this, used the equation (25). 

Waterrecovery =

(
(Volumeofproductwater)aftertreatment
(Initialvolumeofeffluent)beforetreatment

)

,

(
m3

m3

)

(25) 

Following the US + EF process, the clear supernatant is either 
product water or treated water; the bottom of the US + EF reactor 
contains the settled sludge, and the results are shown in the Table. 2. 
Based on the data, the US + ACEF process mode (0.97) significantly 
outperformed then the US + DCEF mode (0.90) in terms of water 
recovery. 

3.5. Kinetic studies 

The color and COD removal rates in the US + ACEF process revealed 
a first-order process that was proportional to the COD content in the 

Table 1 
Comparison of removal efficiency and initial conditions of present study with 
other process applied for treatment of distillery industrial wastewater.  

Method Optimum conditions Removal 
efficiency 

Literature 

Electrochemical 
oxidation  

Current − 0.5 A, inter- 
electrode distance − 0.5 
cm, time − 14 h 

COD − 52% 
Colour − 92.4% 
Energy − 177.4 
mg COD/Wh  

[17] 

Electrocoagulation Electrodes- iron, inter- 
electrode distance − 0.5 
cm, pH − 7, current − 5 
A, agitation speed − 300 
rpm, electrolysis time − 2 
h. 

Decolorization- 
79%  [68] 

EF Electrodes- carbon 
(graphite), Inter- 
electrode distance − 0.5 
cm, pH − 3, current − 4 A, 
FeSO4 − 20 mg/L and 
agitation speed − 400 
rpm, electrolysis time −
3. 

Decolorization- 
44%  [68] 

Fenton pH- 3, Fenton’s reagent −
40 mg/L, agitation - and 
at 500 rpm, treatment 
time − 4 h. 

Decolorization- 
66%  [68] 

EF applied voltage − 2.86 V, 
H2O2/wastewater ratio 
− 15.8%, treatment time - 
and 90.7 min. 

Color − 88.50%.  
[69] 

Pulse-EF The maximal resulted 
from conditions of 2.5 
kHz pulse frequency, 25% 
pulse duty cycle, 2 cm 
electrode distance and 
15.8 H2O2/wastewater 
ratio. 

Color – 89.50% 
COD − 40.71%  [69] 

Electro-peroxone  current density − 32 A/ 
m2, COD − 6000 mg/ 
dm3, pH − 6, O3 − 135 
mg/dm3, Na2SO4 − 0.15 
M, stirring speed − 100 
rpm, electrolysis time −
50 min 

COD – 99.9%, 
color − 9.30 % 
Energy 
consumption 
− 3.8 kWh/m3  

[70] 

Natural Zeolite-Fe/ 
H2O2 

Pellet catalyst dosage- 
150 g/L, H2O2 − 2 g/L 
and 25 ◦C. 

Color- 90% 
TOC- and 60%  [71] 

Ozone-Fenton COD – 4500 mg L− 1, 
H2O2/COD – 0.015 

Color – 92% 
COD – 25%  [72] 

US + H2O2 P–100 W, 
COD–3000mgL− 1, pH–3, 
H2O2–250 mg L− 1 and 
RT–180 min 

Color – 35% 
COD – 27% 
PC – 7.26 
kWhrm− 3 

Present 
study 

DCEF COD–3000mgL− 1, pH–3, 
H2O2–250 mg L− 1, IED–1 
cm, CD–0.40Adm− 2, 
CE–Fe/Fe, and RT–180 
min 

Color – 86 
COD – 73 
PC-4.1 kWhrm− 3 

Present 
study 

ACEF COD–3000mgL− 1, pH–3, 
H2O2–250 mg L− 1, IED–1 
cm, CD–0.40Adm− 2, 
PDC–0.50, CE–Fe/Fe, and 
RT–180 min 

Color – 95% 
COD – 86% 
PC – 3.3 
kWhrm− 3 

Present 
study 

US + DCEF P–100 W, 
COD–3000mgL− 1, pH–3, 
H2O2–250 mg L− 1, IED–1 
cm, CD–0.40Adm− 2, 
PDC–0.50, CE–Fe/Fe, and 
RT–180 min 

Color – 100% 
COD – 90% 
PC – 4.5 
kWhrm− 3 

Present 
study 

US + ACEF P–100 W, 
COD–3000mgL− 1, pH–3, 
H2O2–250 mg L− 1, IED–1 
cm, CD–0.40Adm− 2, 
PDC–0.50, CE–Fe/Fe, and 
RT–180 min 

Color – 100% 
COD – 100% 
PC – 3.4 
kWhrm− 3 

Present 
study  
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solution. As a result, the COD removal kinetics are as follows. 

−
d
dt
[COD] = k[COD] (26) 

When, the Eq. (26) is rearranged and integrated, it yields. 

ln
[
CODt

CODi

]

= − kt (27) 

Plotting ln
[

CODt
CODi

]
on the y-axis versus reaction time on the x-axis 

resulted in a straight line with the slope of k. According to Fig. 2 and 
Fig. 12, the rate constant k and R2 values for COD removal were 0.0195 
min− 1 and 0.83, respectively. 

3.6. Economic analysis 

Cost estimation is a critical economic analysis parameter in the 
hybrid electro-Fenton process, as it is in all other electrochemical (EC) 
and advanced oxidation processes (AOPs). The running cost comprises 

Fig. 11. Comparative analysis of different methods 
(US: Sonolysis, US + H2O2: Sono–Hydrogen peroxide, 
DCEF: Direct current–Electro–Fenton, ACEF: Alter
nating current–Electro–Fenton, US + DCEF: 
Sono–Direct current–Electro–Fenton, US + ACEF: 
Sono–Alternating current–Electro–Fenton) on the (a). 
% color and % COD removal, (b). Power consumption 
(Conditions: P–100 W, COD–3000mgL− 1, pH–3, 
H2O2–250 mg L− 1, IED–1 cm, CD–0.40Adm− 2, 
PDC–0.50, CE–Fe/Fe, and RT–180 min).   

Table 2 
Experimental conditions with different initial COD concentration for % color, % COD removal and power consumption in US + DCEF and US + ACEF processes.  

COD, 
mg L− 1 

CD, 
A dm− 2 

RT, 
min 

Final pH Color removal efficiency (%) COD removal efficiency (%) Power consumption (kWhr m− 3) Water recovery 
(m3 / m3) 

1000  0.20 180  7.1 100 100  2.70  0.97 
2000  0.30 180  7.3 100 100  3.0  0.95 
3000  0.40 80  6.8 100 100  3.40  0.94  
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the cost of electrodes, power usage, chemical consumed, labour, main
tenance, sludge disposal charges, and other fixed expenditures. As a 
result, the operational cost can be determined using the Eq. (28) 
[65–67]. 

Operatingcost = APC +BELC +CCC (28) 

Where, APC = power consumed – kWh/m3, BELC = electrode con
sumed– kg/m3 and CCC = chemical consumed – kg/m3. Under optimum 
condition such as P-100 W, COD-3000 mg L− 1, pH-3, H2O2-250 mg L− 1, 
IED-1 cm, CD-0.40 A dm− 2, PDC-0.50, CE-Fe/Fe, and RT-180 min, the 
power consumed, electrode and chemical consumptions were found to 
be 3.40 kWh/m3, 0.20 kg/m3 and 1.50 kg/m3, respectively. The oper
ating cost under optimum conditions was computed using equation (28) 
and found to be 2.75 US $/m3. 

4. Conclusion 

It has been demonstrated that the US + ACEF method is a more 
effective treatment technique for the removal of pollutants from dis
tillery industrial wastewater than the US only, US + H2O2, DCEF, ACEF, 
and US + DCEF process. When processing distillery industrial waste
water with an US + ACEF process, a number of different operating pa
rameters were investigated in order to identify the optimal condition, 
which resulted in the highest possible percentage of color and COD 
removal efficiency with the lowest possible amount of power con
sumption. Using the US + ACEF process, the parameters: P-100 W, COD- 
3000mgL− 1, pH-3, H2O2-250mgL− 1, IED-1 cm, CD-0.40Adm− 2, PDC- 
0.50, CE-Fe/Fe, and RT-180 min were found to be optimal for 
achieving higher levels of color (100%) and COD (100%) elimination 
with lower power consumption of 3.40kWhr m− 3. This study also 
examined and reported on the synergistic index as well as the water 
recovery that can be achieved by combining US and ACEF process. When 
compared to conventional wastewater treatment methods, the newly 
developed US + ACEF approach could be considered a more techno
logically sophisticated option for the elimination of contaminants from 
wastewater and industrial effluents. 
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