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Abstract Direct current (DC) electrocoagulation has obvious decolorization effect on indigo dye-

ing wastewater produced in actual production, while the removal rate of chemical oxygen demand

(COD) was less than 40%, accompanied by serious electrode corrosion and high energy consump-

tion. In order to enhance the COD removal rate, reduce the electrode loss and power consumption,

a peroxi-alternating current (AC) electrocoagulation (EC) system was constructed. With COD as

the main evaluation index, the effects of power type, electrode combination and process parameters

on COD removal rate and decolorization rate were focused on and explored, as well as revealing the

degradation mechanism of COD. The results showed that AC electrocoagulation enhanced the floc

adsorption capacity by improving the floc structure, and the COD removal rate after treatment was

51.19%. The coupled system of peroxi-AC electrocoagulation further removed sulfite and residual

dyes in the wastewater, and the COD removal and decolorization rate of the treated wastewater

reached 78.09% and 98.47%, respectively. In addition, the specific energy consumption analysis

of COD removal showed that the coupled system was far less energetic than the DC electrocoagu-

lation process, with only 30% of its energy consumption. The uniform corrosion of the electrode

under the action of AC weakened the passivation, which reduced the electrode loss and power con-

sumption by 22.73% and 43.75%, respectively. Results from the present work indicated that the

peroxi-AC EC system could be an effective method for reducing the concentration of COD in
Street,
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indigo dyeing wastewater.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Indigo, an insoluble dye in water, is a significant vat dye that is widely

used in denim dyeing (Zhu et al., 2022). It must be reduced to water-

soluble form with an excess of reducing agent under alkaline condi-

tions (pH 11–14) in order to implement the leuco-dyeing process

(Saikhao et al., 2018). Sodium dithionite (Na2S2O4) is the preferred

reducing agent in the industrial dyeing process because it is effective

in the successful and rapid reduction of indigo. However, by-

products (especially sulfite and sulfate ions) are generated from the

reaction of Na2S2O4 (Hendaoui et al., 2021, Li et al., 2020). It is esti-

mated that about 10–30 % of the dyes are unfixed and are discharged

into the wastewater (Chowdhury et al., 2020). Thus, the indigo dyeing

wastewater is characterized by dark color, high alkalinity and COD

value.

Indigo dyes are hazardous to human health, causing severe irrita-

tion in contact with human skin or eyes, and are carcinogenic to some

extent. When entering water bodies, indigo dyes cause the death of

aquatic organisms, thus posing a threat to aquatic ecology. Therefore,

effective treatment of indigo wastewater is very important to protect

the environment. The biodegradability of indigo dyeing wastewater

is very low. The biological technique alone is very inefficient and

requires long treatment times. Buscio et al. used polyvinylidene difluo-

ride ultrafiltration membranes to treat wastewater containing indigo

dye. The COD and dye removal obtained was 67 % and 98 %, respec-

tively (Buscio et al., 2015). Ahmed et al. prepared a layered double

hydroxide by sol–gel route for the removal of indigo carmine dye. They

found that the maximum adsorption of the dye was over 95 % (Ahmed

et al., 2017). AbouSeada et al. used a synthetic magnetic ferric cobalt

chloride/tin oxide (CoFe2O4/SnO2) nanoparticle for photodegradation

of indigo carmine dye. Although the addition of CoFe2O4 reduced the

band gap energy and facilitated the recovery of the catalyst, it also hin-

dered the metallic properties of the active site of SnO2 particles and

reduced the catalytic efficiency, resulting in less than 55 % dye removal

efficiency (AbouSeada et al., 2022). However, these methods are very

expensive to use and maintain, and they limit the large-scale applica-

tion in factories.

Electrocoagulation (EC) was successfully applied to treat dyeing

wastewater as an ecofriendly and cost-effective process (Huangfu

et al., 2021). There are many inherent advantages compared to other

well-known physicochemical treatments in this technique, since its

low cost, wide range of application and effectiveness (Donneys-

Victoria et al., 2020). In the EC process, the flocculant is generated

in situ by electrolytic oxidation of the sacrificial anode. The direct

and indirect oxidation present in the system provide additional benefits

(Tanveer et al., 2022). Among the different sacrificial anodes have been

reported, the inexpensive aluminum and iron are the most commonly

used for effluent decontamination (Merma et al., 2020). The summa-

rized reactions are shown as follows.

Using aluminum electrodes:

Anode : Al ! Al3þ þ 3e� ð1Þ

Cathode : 3H2O þ 3e� ! 3=2H2 þ 3OH� ð2Þ

Formation of hydroxide : Al3þ þ 3OH� ! Al OHð Þ3 ð3Þ
Using iron electrode:

Anode : 4Fe ! 4Fe2þ þ 8e� ð4Þ

Cathode : 2H2O þ 2e� ! 2OH� þ H2 ð5Þ
Formation of hydroxide:

Fe2þ þ 2OH� ! Fe OHð Þ ð6Þ

4Fe2þ þ 10H2O þ O2 ! 4Fe OHð Þ3 þ 8Hþ ð7Þ
The majority of the report on EC is usually powered by a direct

current (DC) power supply. However, in the case of DC, the chemical

deposits and impermeable dense oxide layers formed on the electrodes

would lead to electrode passivation, resulting in a decrease in the effi-

ciency of electrocoagulation (Karamati-Niaragh et al., 2019). In addi-

tion, severe anode corrosion shortens the electrode life. The alternating

current (AC) power supply was found to effectively improve the treat-

ment efficiency while reducing energy consumption (Mansoorian et al.,

2014). Xu et al. compared the removal efficiency and power consump-

tion of DC/AC power supply on the removal of Cu2+ from printed cir-

cuit board wastewater. The results showed that the removal rates of

the power supply to Cu2+ reached 98.21 % and 99.86 %, respectively,

while the power consumption was 4.42 � 10-2 kWh�m�3 and 2.76 � 10-

2 kWh�m�3, respectively (Xu et al., 2020). Arabameri et al. also com-

pared the removal efficiency, electrode and power consumption of

heavy metal nickel (Ni) by DC and AC power sources. The statistical

analysis revealed that the average amount of the remaining nickel was

44.06 and 43.91 mg�L-1, both power sources could remove heavy met-

als well. The power consumption and electrode consumption using AC

power were 7.47 kWh�m�3 and 3.07 kg�m�3, respectively, while the

consumption when using DC power were much higher than AC, which

were 8.93 kWh�m�3 and 5.88 kg�m�3, respectively (Arabameri et al.,

2022).

Although the use of AC power can reduce consumption, it provides

limited improvement in treatment efficiency. At present, researchers

generally use EC together with other treatment technologies

(GilPavas et al., 2020, Abdulrazzaq et al., 2021, Zazoua et al., 2019).

Sorayyaei et al. successfully applied a combined electrocoagulation-

adsorption process for the removal of methyl orange from the aqueous

solution, with a dye removal yield of 93.1 % at an adsorbent dosage of

1 g and a voltage of 40 V. However, the high energy consumption lim-

ited the continued improvement of efficiency (Sorayyaei et al., 2021).

Ravadeli et al. used an electrocoagulation-assisted anoxic/anoxic mem-

brane bioreactor to treat wastewater containing azo dye, which

achieved high dye removal efficiency (94.9 %) but resulted in mem-

brane contamination (Ravadelli et al., 2021). In addition to these pro-

cesses, peroxi-electrocoagulation emerges as an efficient and less

expensive method (Garcia-Segura et al., 2017). This treatment process

with a dual function of oxidation and coagulation which by adding

H2O2 in combination with EC technology eliminated refractory and

toxic pollutants from the wastewater (Yazdanbakhsh et al., 2015). In

addition to the electrochemical reactions mentioned above, H2O2

undergone a Fenton reaction catalyzed by Fe2+ to produce hydroxyl

radicals (�OH), were shown in reaction equations 8–9. Hydroxyl radi-

cals are extremely reactive and non-selective that can oxidize many

organic compounds.

Fe2þ þ H2O2 ! Fe2þ þ OH� þ �OH ð8Þ

Fe3þ þ H2O2 ! Fe2þ þ HO2 � þ Hþ ð9Þ
According to our best knowledge, the EC technique has drawn no

comparison between the DC and AC to remove COD from indigo dye-

ing wastewater. Besides, some research groups have utilized AC to

treat wastewater but have not considered using it in combination with

other processes. Combining the advantages of AC and union pro-

cesses, we constructed a peroxi-AC EC system. By comparing the

http://creativecommons.org/licenses/by-nc-nd/4.0/
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treatment effects of DC and AC, the energy supply of the system was

determined. Then, three electrode combinations using iron and alu-

minum were discussed and the reasons for the decrease in COD values

were analyzed. Finally, several process parameters such as the amount

of H2O2, electrolysis time, applied voltage and output frequency in the

system were optimized to achieve the maximum COD removal rate.

2. Materials and methods

2.1. Materials

In this investigation, samples from indigo dyeing wastewater
were used, which was taken from Xindadong Textile Co.
located in Hebei, China. It must be diluted 5 times before used.
Otherwise, the current will exceed the rated range due to the

high conductivity of the original wastewater. Table 1 showed
the indicators for diluted waste water. 30 % hydrogen peroxide
(H2O2, AR) was provided by Tianjin Zhengcheng Chemical

Co., ltd (China). Potassium titanium oxalate (C4K2O9Ti�2H2-
O, AR) was provided from Shanghai Macklin Biochemical
Co., ltd (China). 1,10-phenanthroline (C12H8N2) was pur-

chased from Tianjin Yongda Chemical Reagent Co., ltd
(China). Sulfuric acid (H2SO4, 98 %) was supplied from Shiji-
azhuang Reagent Factory (China). All aluminum plates and

iron plates (Al and Fe, 40 mm � 40 mm � 1 mm) were pur-
chased from Shanghai Chuxi Industrial Co., ltd (China). After
each run, electrodes were cleaned with wire brush, washed with
HCl (10 %) and deionized water and dried in room

temperature.

2.2. Electrochemical systems and procedure

The electrochemical cell was composed from a lab-scale mono-
compartmental cylindrical glass reactor containing 250 mL
diluted wastewater. The electrodes were vertically located in

the reactor and fixed at a distance of 3 cm one from another.
Current was induced with the DC regulated power supply
(RXN-1503, Zhaoxin Electronics Co., ltd., China) and AC

inverter power supply (PW-350, Dongguan Napui Electronics
Technology Co., ltd., China). Three different electrode config-
urations were employed for EC process. In the first configura-
tion, both electrodes were made of iron (Fe-Fe). For the

second configuration, both electrodes were made of aluminum
(Al-Al). In the last configuration, iron and aluminum were
used as plates (Fe-Al). In the peroxi-AC process, H2O2 was

added into the EC system to stimulate the Fenton reaction
Table 1 Characteristics of diluted indigo dyeing wastewater.

Parameter Value Permissible limit

COD (mg/L) 538.2 200

pH 9.55 6 � 9

Color (Pt-Co) 400 80

Electrical conductivity (mS/cm) 4.63 –

redox potential (mV) �420 –

Absorbance (670 nm) 2.281 –

Turbidity (FTU) 120 –

Total solids (g/L) 2.26 –

Appearance Blue –

The permissible limits were issued by the Ministry of Environ-

mental Protection, PRC on October 19, 2012.
in the process. In order to maintain the homogeneity, a mag-
netic stirrer with a speed of 180 rpm was employed. All the
runs were performed at room temperature 25 ± 1 �C. A sche-

matic diagram describing the electrochemical process was
shown in Fig. 1.

2.3. Analytical methods and characterization

The dye concentration was estimated from its absorbance at
the maximum wavelength (670 nm) using UV–visible spec-

trophotometer (JH756, Shanghai Jinhua Technology Co.,
ltd., China). The COD values of the supernatant were deter-
mined by COD rapid detector (LY-C3, Qing Dao Lvyu Envi-

ronmental Protection Technology Co., ltd., China). In order to
remove the influence of Cl- on COD results, Cl- screen agent
was added during COD test. The decolorization and COD
removal efficiencies were calculated as the following equation:

Re ¼ X0 � Xt

X0

� 100% ð10Þ

Where, X0 and Xt represent the dye and COD content of
the wastewater at an initial time and after electrolysis time t,
respectively.

To measure the redox potential (mV) standardized at 25 �C,
we use a redox potentiometer (FLP201B, Dalian Fulang Elec-
tronics Co., ltd., China). For analysis the corrosion of elec-

trodes, the plates were observed using a microscope head
(TIPSCOPE, Wuhan Convergence Technology Co., China).
The electrochemical corrosion behavior was analyzed using
an electrochemical workstation (CHI660E, Shanghai Chenhua

Instruments Co., ltd., China). The concentration of residual
H2O2 was measured by spectrophotometry with titanium
oxalate.

The chemical composition of supernatant was obtained
from different analytical techniques, including Ultraviolet–vis-
ible spectroscopy (UV, TU-1810, Beijing Pu-Analysis General

Instrument Co., ltd., China), Fourier Transform Infra-Red
(FTIR, Nicolet 6700, Thermo-Fisher, USA) and X-ray
Diffraction (XRD, D/MAX-2500, Rigaku, Japan). The mor-

phologies of flocs were measured by optical microscope
(OM, XP-202E, Shanghai Bimu Instruments Co., ltd, China)
plus scanning electronic microscopy (SEM, TM-3000, Hitachi,
Japan). The surface area of flocculent precipitates was deter-

mined by Brunauer-Emmet-Teller (BET) method and pore
volume (ASAP2460, Micromeritics, USA).

3. Results and discussion

3.1. EC process

3.1.1. Effect of power supply type

Different current waveforms of the power supply have a direct
effect on electrode corrosion. Herein, the DC and AC power
supply were applied, and the wastewater was electrolyzed at

a voltage of 20 V for 40 min. The morphology of the electrode
surface after electrolysis (DC and AC) which shown in Fig. 2.
The corrosion gouges distributed deeply on the electrode sur-
face during DC treatment. In contrast, for the electrodes trea-

ted under AC, fewer disordered shallow pits were formed
(Ingelsson et al., 2020). It indicated that the dissolution of
the electrodes was more uniform due to the cyclic transition



Fig. 1 Electrochemical experimental device and experimental reaction principle.

Fig. 2 Photos of electrodes (corrosion Al and Fe) by DC and AC (�400).

Table 2 Indicators after DC and AC.

Power Type DC AC

Electrode Type Al Fe Al-Al Fe-Fe Fe-Al

Decolorization rate (%) 93.66 86.84 96.68 90.42 95.32

COD removal rate (%) 40.66 29.41 48.69 36.23 51.19

Electrode loss rate (%) 10.94 2.75 3.62 0.62 1.68

Power consumption (kW�h) 16.22 � 10-3 18.14 � 10-3 10.36 � 10-3 12.04 � 10-3 12.14 � 10-3

Precipitates mass (g) 0.38 0.40 0.28 0.29 0.29
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of the current. As shown in Table 2, AC power resulted in less
electrode loss and power consumption, as well as less flocs gen-

erated, and the decolorization and COD removal rates were
improved. In order to build the low consumption and high effi-
ciency electrochemical system, AC power supply was chosen.
3.1.2. Polarization curves

The corrosion of the electrodes was further analyzed by the
polarization curves (Fig. 3). The characteristics of the polariza-
tion curves obtained for the Al electrode by DC and AC power
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were similar. Combined with the microscopic observation of
the electrode corrosion, it was evident that the corrosion was
point corrosion. Point corrosion was localized corrosion in

the shape of small holes formed on the surface of the electrode,
where the electrode was deeply corroded along the location of
the small holes. For the Fe electrode, there was an obvious

passivation interval (-0.354 � -0.107 V) after DC treatment,
while it was not observed after AC treatment. Furthermore,
the self-corrosion potentials of Al and Fe electrodes were

�0.56 V and �0.59 V under the power of DC. And the value
was both �0.61 V with the condition of AC. The negative shift
of the self-corrosion potentials indicated that AC could inhibit
passivation and activate the electrodes.

3.1.3. Characterization of the flocculent precipitates

Theoretically, the more flocs produced, the more pollutants

will be adsorbed (Lu et al., 2022). In the above experimental,
decolorization and COD removal was better under AC condi-
tions, but the precipitates mass was smaller instead. Conse-
quently, the structures of the precipitates produced under

DC and AC were further analyzed. An aqueous solution with
CNaCl of 1 g�L-1 was configured for the experiment in order to
obtain the flocs without adsorption of pollutants. The flocs

were formed by electrolysis at pH 7 and applying 20 V for
40 min by DC and AC, respectively. Optical micrographs of
the flocculent precipitates were shown in Fig. 4 (a). The floccu-

lent precipitates of irregular small lamellae had good light
transmission were formed under DC conditions. The AC mode
produced large and opaque sediment particles. This indicated

that the three-dimensional structure of the flocs produced
under AC conditions was more integrity.

In general, high specific surface area and large pore volume
are more favorable for adsorption (Long et al., 2021). The

physical structure of the flocculent precipitates was measured
by nitrogen (N2) adsorption–desorption using a surface area
analyzer, and the results were shown in Fig. 4 (b). Since both

have hysteresis loops, they conform to the type IV adsorption
isotherms prescribed by IUPAC and the flocculent particles
Fig. 3 Polarization curves of Al and Fe electrodes after DC and

AC treatment.
generated under DC and AC conditions were mesoporous
materials (Thommes et al., 2015). As could be seen from
Fig. 4 (c), the mesopores generated under DC had a pore size

of approximately 3 nm, while those generated under AC were
about 10 nm. The mesopores generated under AC were much
larger than those under DC. According to BET specific surface

area analysis (Table 3), the specific surface areas of the precip-
itates produced under the two powers were about
308.37 m2�g�1 and 316.40 m2�g�1, while the pore volume of

precipitates produced by AC was almost twice as large as that
of DC. In summary, the AC power supply resulted in
enhanced adsorption properties of the flocs.

3.2. Peroxi-AC electrocoagulation

The peroxi-electrocoagulation is an emergent technology can
simultaneously generate hydroxyl (�OH) and other chemical

oxidants through different mechanisms. These highly oxidant
species improve the removal of pollutants due to (i) the accel-
eration of anodes dissolution by chemical oxidation and (ii)

enhancement of the pollutants’ abatement via the oxidation
action of radical species (Vale-Júnior et al., 2018). A peroxi-
AC electrocoagulation (hereafter abbreviated as peroxi-AC

EC) system was constructed by adding H2O2 and using Al
and Fe as electrodes, powered by an AC power supply.

3.2.1. Effect of electrode combination

The decolorization and COD removal rates of the super-
natants after the reaction with three electrode combinations
((I) Al-Al; (II) Fe-Fe; and (III) Fe-Al) were shown in Fig. 5

(a) and (b). It could be seen that the best decolorization and
COD removal results were obtained using the Fe-Al electrode
combination. It is noteworthy that compared with the Al-Al
electrode, the Fe-Fe electrode possessed lower decolorization

rate but higher COD removal rate. This is because the Fe2+

could catalyze the decomposition of H2O2 to produce more
�OH to oxidize pollutants.

The SEM images of the flocculent precipitates were shown
in Fig. 5 (c). The surface morphology of the precipitates from
the Fe-Al electrode was rougher and more porous with uneven

surface, which was more conducive to the adsorption com-
pared to other electrode combinations. Therefore, the
improvement in the removal efficiency with Fe-Al electrode
could be attributed to two aspects: catalytic effect of the Fe

electrode, and the higher surface area and available adsorption
sites of the flocs. In the combination of Fe-Al electrodes, more
flocs with adsorption were created than in the condition of Fe-

Fe electrodes, due to the presence of Al, resulting in a higher
decolorization rate. The Fe allowed more free radicals to be
produced in the system than that in the system of the Al-Al

electrodes, resulting in better COD removal. To enhance the
removal of pollutants, a combination of Fe and Al electrodes
was selected.

3.2.2. The mechanism of COD removal

Biodegradable organic compounds, non-biodegradable com-
pounds and inorganic oxidizable compounds contribute to

COD in wastewater (Moreno-Casillas et al., 2007). The UV
spectra of the supernatants was shown in Fig. 6 (a). The peaks
observed in the visible region (around 670 nm) and the UV

region (around 291 nm, 347 nm) were the characteristic peaks



Fig. 4 (a) Microscopic observation of flocculent precipitates; (b) N2 adsorption–desorption isotherms for samples: DC (left), AC (right);

(c) The distribution of mesopore: DC (left), AC (right).
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Table 3 Physical structure parameters of flocculent

precipitates.

Power

Type

Specific surface area

(m2�g�1)

Pore volume

(cm3�g�1)

Average

aperture (nm)

DC 308.3682 0.2583 3.6699

AC 316.4008 0.4061 6.1786
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of indigo dye. The disappearance of the characteristic peaks
after the EC and peroxi-AC EC indicated that the insoluble
indigo dye was completely removed.

The soluble inorganic matter in the solution also affects the
COD values. The FT-IR spectra characteristic peaks at 980–
910 and 660–615 cm�1 were SO3

2-, while the peaks at 680–
580 and 1210–1040 cm�1 attributed to SO4

2- (Besharatlou

et al., 2021, Hevira et al., 2020). As shown in Fig. 6 (b), the
peak near 966.3 cm�1 belonging to SO3

2- largely disappeared
after the peroxi-AC EC. This implied that it may be oxidized

to SO4
2-. The phenomenon was verified by XRD analysis

(Fig. 6 (c)), where sulfite and sulfate structures were presented
in both the original wastewater and the supernatant after EC,

while dissolved sulfite was removed or oxidized through
Fig. 5 Effect of electrode combination: (a) on decolorization rate and
peroxi-AC EC. Taken together, indigo wastewater treated with
peroxi-AC EC effectively removed not only dyes but also
sulfites.

3.3. Optimization of peroxi-AC EC system

The peroxi-AC EC system was further optimized to achieve

good COD removal and ensure the full utilization of H2O2.
The effects of four factors on the system, namely the amount
of hydrogen peroxide, electrolysis time, applied voltage and

output frequency were selected and discussed.

3.3.1. Effect of H2O2 amount

It is important to optimize the amount of H2O2 used in the

peroxi-AC EC due to cost and the reaction of excess H2O2

with �OH to form less oxidizing hydrogen peroxide radicals
(HO2�) (Venu et al., 2014). Fig. 7 showed the effect of H2O2

amount on COD removal rate, H2O2 utilization and redox
potential when the voltage was 20 V, the electrolytic time
was 40 min and the output frequency was 50 Hz. The COD
removal rate was increased from 60.22 % to 71.14 % with

increasing the amount of H2O2 from 0.8 g�L-1 to 2.4 g�L-1.
Continue to increase the amount, the COD removal rate was
decreased as the undecomposed H2O2 interfered with the

COD measurement. It was noticed that the highest COD
COD removal; (b) on supernatants; (c) on flocculent precipitates.



Fig. 6 Analysis of original wastewater and treated supernatant: (a) UV spectra, (b) FT-IR spectra, (c) XRD spectra.

Fig. 7 Effect of H2O2 amount: (a) on COD removal and H2O2 utilization; (b) on redox potential.

8 W. Zhang et al.
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removal was obtained at the redox potential close to the zero
point, when there was no H2O2 remained. Therefore, solution
the reducing or oxidizing substances also had a significant

effect on COD value. In order to achieve high COD removal
and ensure the complete decomposition of H2O2, the amount
should preferably be around 2.4 g�L-1.

3.3.2. Effect of electrolysis time

Electrolysis time is effective in generating flocs and hydroxyl
radicals (Sanni et al., 2022). The treatment effectiveness of

wastewater was evaluated by COD removal and decolorization
rate, and the presence of oxidizing or reducing substances in
the solution could be monitored by redox potential. The effect

results of electrolysis time at a voltage of 20 V, an H2O2 dosage
of 2.4 g�L-1 and an output frequency of 50 Hz were shown in
Fig. 8. The decolorization rate was increased to 98 % when

the electrolysis time was increased from 20 to 40 min, and there
was no significant improvement when the time was further
extended. Theoretically the COD removal rate should increase
gradually with the decomposition of H2O2, but it showed a

decreasing trend when the electrolysis time exceeded 40 min.
At this time, the redox potential was negative values, indicat-
ing the presence of reducing ions in the solution, which were

monitored as ferrous ions (Fe2+) after detection. The free fer-
rous ions were reductive and the more negative the redox
potential after the reaction, the more ferrous ions remained.

Due to its interference, the COD removal rate decreased. In
summary, the electrolysis time was set to 40 min in order to
avoid the generation of Fe2+ by prolonged electrolysis.

3.3.3. Effect of applied voltage

The higher the current density, the faster the reaction rate
(Özyonar et al., 2022). Voltage is positively correlated with

current density, and the increasing of the voltage is benefit
for enhancing the COD removal and decolorization. The effect
results of applied voltage at an H2O2 amount of 2.4 g�L-1, an
electrolysis time of 40 min and an output frequency of 50 Hz

were shown in Fig. 9. The increase of voltage improved the
decomposition efficiency of H2O2, so that both COD removal
Fig. 8 Effect of electrolysis time: (a) on COD rem
and decolorization rates gradually increased, while the redox
potential tended to decrease. When the voltage was 20 V, the
COD removal rate reached 78.09 %. Above 20 V, the redox

potential was observed to become negative, at which time
the COD removal rate was decreased by Fe2+. The higher
voltage was beneficial, but the suitable applied voltage should

be controlled at 20 V.

3.3.4. Effect of output frequency

During the application of AC, the constantly switching posi-

tive and negative electrodes reciprocate the flow of ions in
the reactor in both directions, resulting in well-mixing solution
(Weisbart et al., 2020). Under the conditions of voltage of

20 V, H2O2 amount of 2.4 g�L-1 and electrolytic time of
40 min, the effects of different frequencies were shown in
Fig. 10. The peak values of COD removal and decolorization

rates were obtained at 50 and 60 Hz. The redox potential chan-
ged in an opposite trend with a ‘‘W” shape. This was due to the
fact that the electrolysis time was set to 40 min (i.e., 2400 s), so
the current underwent a complete AC cycle when the fre-

quency was 50 and 60 Hz. The used of AC power should
pay attention to both frequency and time to ensure the cycle
was complete. The increase in frequency leads to useless loss

of energy (Dakic et al., 2021). In order to save electric energy,
the output frequency was selected as 50 Hz. At this frequency,
the COD and color removal rates were 78.09 % and 98.47 %,

respectively. The COD value after treatment at this point was
calculated to be 117.92 mg/L, which was far below the permis-
sible limit (shown in Table 1).

3.4. Specific energy consumption analysis

Electrode loss and power consumption are the main costs in
the electrocoagulation process, and sludge is the main waste

source. The SEC for COD removal could be found from the
power consumption and the COD removal rate. The calcula-
tion equation was shown below.

SEC ¼ UIt

VDCOD
ð11Þ
oval and decolorization; (b) on redox potential.



Fig. 9 Effect of applied voltage: (a) on COD removal and decolorization; (b) on redox potential.

Fig. 10 Effect of output frequency: (a) on COD removal and decolorization; (b) on redox potential.

Fig. 11 Different processing methods of: (a) power consumption and electrode loss; (b) sludge production and SEC for COD removal.
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Where, SEC is the specific energy consumption (kWh/g
COD), U represents the applied voltage (V), I represents the
current intensity (A), t represents the reaction time (h), V rep-

resents the treated wastewater volume (L), and DCOD repre-
sents the difference of chemical oxygen demand (g COD/L).

As shown in Fig. 11 (a), the optimized peroxi-AC EC sys-

tem not only substantially reduced the power consumption
under AC conditions, but also greatly decreased the electrode
loss (by 43.75 % and 22.73 %, respectively). Furthermore,

according to 11 (b), the production of sludge was significantly
reduced. Most importantly, the SEC of the peroxi-AC EC sys-
tem was extremely low, i.e., the process made full use of elec-
trical energy to achieve higher pollution removal. The SEC of

the coupled system for COD removal was only 30 % of that of
DC electrocoagulation, and the sludge yield and SEC were
0.30 g and 0.12 kWh/g COD, respectively. The above analysis

only considered the electrical energy consumption and did not
include the consumption of H2O2. Although the addition of
H2O2 resulted in a slightly higher cost, the better removal effi-

ciency meant that many subsequent treatment steps could be
eliminated, effectively shortening the full treatment process.

4. Conclusion

The present findings confirm that peroxi-AC EC is a quiet effective

method to remove dye and COD from indigo wastewater. The gener-

ation of �OH and flocs with strong adsorption properties was pro-

moted by using a combination of iron and aluminum electrodes. The

improvement in COD by this method was attributed to more dye

adsorption and soluble inorganics (mainly sulfites) removal. To further

boost COD elimination, the effects of H2O2 dose, electrolysis time,

voltage and frequency were optimized, which showed 78.09 % and

98.47 % of the COD removal and decolorization rates, respectively.

The subsequent investigation of the pole plate spacing, initial pH

and other factors were also continued. The least operation cost from

the viewpoint of electrodes and energy consumption was achieved in

the peroxi-EC process using AC power, the SEC of the peroxi- AC

EC system for COD removal was reduced by 70 % compared to the

DC EC. In addition, the application of AC resulted in flocs with higher

adsorption capacity and less sludge. These findings demonstrate that

the peroxi-AC EC with iron and aluminum electrodes may be success-

fully employed at an industrial scale to treat real effluent at a reason-

able cost and in a short period.
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