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ABSTRACT

The objective of this study was to evaluate the efficiency of the electro-oxidation technique for the
degradation of methylene blue from simulated wastewater. A flow-through electrochemical batch-
circulation reactor was utilized to remove methylene blue from wastewater using a concentric
tubes anode constructed of aluminum. The parameters studied in this work were dye concentration,
electrolyte molarity, applied current, pH, and flow rate. The response indicators were the dye
removal percentage and chemical oxygen demand (COD).

The results demonstrated that the removal efficiency decreases as the dye concentration increases
and also decreases with increasing pH. In contrast, the removal efficiency increases with increasing
electrolyte molarity, flow rate, and applied current. The results clearly indicate that the applied
process is effective for dye removal. The reactor operated in batch-circulation mode proved to be
highly effective in removing the dye within a shorter time and with lower energy consumption.
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1. Introduction

At present, water pollution represents a serious impact on environment especially with the
rapid growth in water pollution sources, based on World Bank investigations, textile
manufacturing including dyeing and finishing may be responsible for 17-20% of industrial
wastewater (Christian et al. 2023). Synthetic dyes are the main source of waste in the textile sector
and can further contaminate a large amount of water if improperly processed (Repon et al. 2024).
Metals, dyes, and other contaminants can be found in textile wastewater. The characteristics of
textile effluent differ depending on the industry, machinery, method of production, type of
material, chemicals, season, and fashion trends (Kumari et al. 2025). Approximately 7x10” metric
tonnes of synthetic dyes are produced worldwide each year. The textile industry uses around
10,000 metric tons of these dyes (Chandanshive et al. 2020). Since the colors applied to textile
wastewater have a complicated and harmful element composition, the wastewater effluents are
categorized as hazardous wastes (Kallawar ef al. 2023). One of the main compounds that
contaminate water is industrial dyes. Methylene blue (MB), one of these dyes, is poisonous,
carcinogenic, and non-biodegradable, offering a serious risk to both environmental safety and
human health (Khan et al. 2022). The textile, pharmaceutical, paper, dyeing, printing, paint,
medical, and food industries are just a few of the numerous possible uses for MB dye (Koyuncu et
al. 2020 ; Mijinyawa et al. 2019; Parakala et al. 2019; Balarak et al. 2020). In the textile sector, it
is the most often used dye(Arias et al. 2020), and it is regarded as one of the most widely used
colorants for textiles(Siddeeg et al. 2019). MB and other textile dyes can be extracted from
industrial wastewater via a variety of techniques such as : coagulation(Lau et al. 2015; Liu ef al.
2015),electrocoagulation(Mahmoud et al. 2013; Tir et al. 2015; Ghazi et al. 2023),electro-
fenton(Ghazi et al. 2024;) ultrafiltration(Zheng et al. 2009; Khosa ef al. 2011; Kim et al. 2020),
biodegradation(Eslami et al. 2017; Kilany et al. 2017; Van Der et al. 2018), microwave
treatment(Garcia et al. 2017), nanofiltration(Kong ef al. 2019; Cheng et al. 2012; Zhong et al.
2019), vacuum membrane distillation(Banat et al. 2005) ,liquid-liquid extraction(El-Ashtoukhy et
al. 2015), phytoremediation(Imron et al. 2019;Tan et al. 2016), adsorption/biosorption(Wang et
al. 2020; Andrade et al. 2020; Regunton et al. 2018; Gopalakrishnan et al. 2020; Hameed 2020; Li
et al. 2020 ; Thsan et al. 2021) and hybrid systems (Naresh et al. 2020; Nguyet et al. 2019; Lee et
al. 2012; Sun et al. 2020).

It is difficult to destroy MB dye into tiny molecules using standard techniques because its
stable under thermal and light and non-biodegradability(Liu et al. 2019; Liu et al. 2020).

In order to address dangerous organic pollutants like MB, advanced oxidation processes
(AOPs) were created using effective redox mechanisms that produce certain radicals without
producing any more hazardous compounds (Fosso ef al. 2020; Khan et al. 2020; Zhang et al. 2019).
Therefore, advanced oxidation processes are usually applied to strip organic contaminants in the
wastewater (Zou et al. 2023; Zheng et al. 2025; Xu et al. 2024) .

The capacity of electrochemical treatment methods for operation without the need of
chemical additives lowers the amount of sludge produced. However, it is essential to recognize the
disadvantages of these approaches, which include higher electrical energy expenditures and
substantially lesser efficacy compared to alternative treatment options (Zhang et al. 2021).

One of the more effective electro-oxidation methods for handling wastewater containing
dyes is electro-oxidation (EO) (Ewuzie et al. 2022; Rodriguez-Narvaez et al. 2021).

Because of its many uses: low environmental impact, easy design and operation, simple
of adjusting pressure, voltage utilized, and temperature, automation abilities, breakdown of
refractory organics, limited sludge manufacture, and total mineralization, electrochemical
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oxidation has drawn the attention of researchers during the last 20 years (Deng et al. 2019; Mandal
et al. 2017; Narenkumar et al. 2023).

Electro-oxidation (EOX) effectively removes a variety of organic contaminants using small
equipment and few chemicals (Abou-Taleb ef al. 2021). On electro catalytic surfaces, it generates
hydroxyl and superoxide radicals that eliminate bacteria and transform organic materials into
carbon dioxide and water (Sandoval et al. 2021; Hellal et al. 2022). There are two types of electro-
oxidation of organic pollutants: direct and indirect. Hypochlorite and chlorine are produced on the
anode for indirect degradation, and these groups will act as organic degradation. In addition to a
possibility of chemisorbed oxygen creation at the anode, hydroxyl groups are created there for
direct oxidation, and these groups will act as organics (Lee et al. 2022; Comninellis ef al. 2010).

Two reactions will be involved in the oxidation mechanism; building of hydroxyl group at
anode (reactionl), and the oxidation of organics with this hydroxyl (reaction2)( Louafi et al. 2016):

M+ H,O0—>M(OH)+H" +e (1)

M(OH)+ R —> M +mCO, +nH,O+ pXx  (2)

When NaCl presents in the supporting electrolyte, chlorine group will act a strong role in
the oxidation (Nidheesh et al. 2018; Mario et al. 2012). When NaCl presents, Cl- will be oxidized
on the anode to form CI2 (reaction 3), the CI2 will be hydrolyzed to form HCIO, then the
equilibrium dissociation reaction of HCIO (Garcia-segura et al. 2018):

2CT = Clyyyy +2€° 3)
Cl,,,,+H,0 — HCIO+CIl~ + H" (4)
HCIO<«—>H" +CIlO™ (5)

In order to form chlorine by oxidation of chloride and prevent chlorine oxidation non oxidizing
groups, active anodes like Pt, IrO2 or TiO2 may be used (Garcia-segura et al. 2018). Hydroxyl
group may also form chlorine according to reaction 6(Bonfatti et al. 2000; Rosestolato et al. 2014;
Neodo et al. 2012):

M (OH) + CI~ —> M (HOCI) (6)

(7

M (HOCI) — %czz +OH~

High oxygen evolution potential is the main characteristic that should be taken in consideration in
choosing the electrode material in order to ensure complete degradation of organic contaminants
with significant current effectiveness (Labiadh et al. 2016; Sopaj et al. 2015; Yang et al. 2016).

Several materials have been successfully used for organic pollutants mineralization such as; PbO2
(Chen et al. 2021) , SnO2 (Giannakopoulos et al. 2022), and BDD anodes (De Luna et al. 2022),
carbon(Shestakova et al. 2017), titanium coated with RuO2/IrO2/TaO2(Pattabhi et al. 2021),
platinum(Kamyab et al. 2022), PbO2/Ti(Qiu et al. 2024), Al(Yang et al. 2024), stainless
steel(Abou-Taleb et al. 2021), IrO2- SnO2-Sb205 Coated Ti(Bravo-Yumi et al. 2022),



RuO2/Ti(Mardani et al. 2023), porous graphite(Ghazi et al. 2023 ; Thsan et al. 2025) graphite-
felt(Pi et al. 2022), exfoliated graphite(Yu ef al. 2022).

Nevertheless, conventional two-dimensional (2D) planar electrodes have drawbacks, such as
inadequate active sites, poor efficiency of mass transfer, and poor current distribution, which lead
to treatment inefficiencies and excessive energy consumption that fall short of industrial standards
(Zhang et al. 2018). Three-dimensional (3D) electrode technology has been created by combining
conductive particles or porous media to create a three-dimensional reaction contact in order to
overcome the intrinsic limits of 2D electrodes (Li ef al. 2023; Wang et al. 2021; Thanigaivel et al.
2024).This research employs the electrochemical oxidation for removing methylene blue dye
(MBD) from simulated wastewater and the best value was found from multiple variables such as
dye concentration, supporting electrolyte molarity, treatment current, pH, and flow rate. The
Methylene blue chemical structure is presented in Figure 1.
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Figure 1. Methylene blue structure (Zhang et al. 2011)

Future tests in actual wastewater matrices offer an extensive overview of the system's performance

and useful possibilities for wastewater treatment.

2. Materials and methods
2-1. Materials

In this study, the chemicals used were sodium chloride (99% purity), methylene blue dye,
sodium hydroxide, and hydrochloric acid. All chemicals were of analytical grade. All electrolyte
solutions were prepared using distilled water.

2-2. Experimental rig

Electrochemical oxidation was carried out in a flow-through electrochemical reactor
operating in batch-circulation mode. The main body of the reactor consists of a cubic box (15 x
15 x 15 cm) made of Teflon, with a horizontal cylindrical hollow serving as the flow channel
through the reactor.

The anode consists of a bundle of seventeen aluminum tubes. The specifications of these tubes are
shown in Table 1. The cathode is a graphite disk with a diameter of 7 cm and a thickness of 3 mm.
A DC power supply equipped with a multiturn high-precision potentiometer was used to accurately
adjust the applied current. The applied current and voltage were measured using a digital
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multimeter. The dye concentration was measured using a visible spectrophotometer, and the COD
was determined using a Lovibond COD system. The experimental rig is illustrated in Figure 2.

@

® R <R ®

Figure 2. Electrochemical treatment system
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Table 1. The specifications of Al tubes bundle

Property Value
Length 11 cm
Outer diameter 0.6 cm
Inner diameter 0.4 cm

3. Results and discussions
3-1. Impact of concentration

Three solutions with different dye initial concentration (150, 200 and 300 mg/L) have been
prepared with 0.5 molarity supporting electrolyte concentration. Experiments have been conducted



at pH 7, 2 L/min volumetric flow rate. The concentration of remained methyl and COD have been
determined and plotted versus time.
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Figure 3. Impact of methyl blue concentrations on removal percentage
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Figure 4. Impact of methylene blue concentrations on concentration decay
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Figure 5. Impact of methylene blue concentrations on COD removal

Figures 3, 4 and 5 shows the impact of initial dye’s concentration on removal efficiency. It is clear
that the increase in dye concentration will reduce the removal efficiency since the amount of
oxidizing agents formed depends on the supporting electrolyte concentration, so the increase of
dye concentration will need more oxidizing agent and hence reduce removal efficiency.

3-2. Impact of molarity of the electrolyte

In this set of experiments, different sodium chloride electrolyte concentrations have been adopted
(0.5, 1, 1.5 and 2 M). All the experiments have been conducted at 150 mg/L dye concentration, 2
L/min flow rate, 100 mA treatment current.
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Figure 6. Effect of molarity on removal percentage
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Figure 7. Effect of molarity on concentration decay
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Figure 8. Effect of molarity on COD removal percentage

Effects of supporting electrolyte solution are shown in Figures 6, 7, and 8 respectively. Because
there are more powerful oxidizing agents (chlorine and HCLO), which are thought to be the
primary dye degradation agents, it is evident that the removal efficiency rises as the NaCl
concentration does. In addition, solution conductivity increases as a result of molarity’s increasing
and hence decreases the resistance to current pass through the solution.

3-3. Impact of treatment current

Treatment current’s impact has been studied by applying different values of treatment current (25,
100, 200 mA) at pH 7, 2 I/min flow, 0.5 M NaCl, rate and 150 mg/l dye concentration.
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Figure 9. Impact of treatment current on removal percentage
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Figure 10. Impact of treatment current on concentration decay
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Figure 11. Impact of treatment current on COD removal-percentage
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From the Figures 9, 10 and 11, It is clear that increasing the current greatly improves removal
effectiveness, particularly between 25 and 100 mA.

Amount of hydroxyl and chlorine ions increases by increasing the applied current, and these
compounds are considered as the main incineration agent for dye degradation, increasing the
treatment current to a value higher than 100 mA, the oxygen evolution reaction will be initialized
leading to reduction in the removal efficiency.

3-4. Impact of pH

The effects of pH have been investigated for 0.1 M NaCl, 100 mA applied current, and 2 I/min
flow rate at various pH values (2, 7, and 12).
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Figure 12. Impact of pH on removal percentage
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Figure 13. Impact of pH on concentration decay
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Figure 14. Impact of pH on COD removal

As shown in the Figures 12, 13 and 14, it is clear that the efficiency is higher at pH range from 2
to 7, and lower for pH values higher than 7. This is due to the nature of methylene blue dye which
can be exists as quinoid or azo structure. Quinoid structure exists at low pH which is characterized
with hydrogen atom attached to the dye molecule, while at high pH (higher than 7), the hydrogen
atom will be detached from the dye structure to convert it into azo form.

When pH is near 7, the predominant structure will be azo which has a cleavage that makes the dye
degradation easier, at the same time the degradation reaction will be predominant on the oxygen
evolution reaction. When pH increases more than 7, oxygen formation reaction will be the main
leading to lower the efficiency. At the same time, increasing the alkalinity will decrease the
solution conductivity leading to spoil in the applied current and hence decreases the removal
efficiency.

3-5. Impact of flow rate

Impact of flow rate has been studied at different flow rates (2, 4, 6 I/min) when the initial dye
concentration affixed at 100 mg/l, supporting electrolyte molarity is 0.1 M and pH 7.
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It is clear in Figures 15, 16 and 17 that the increase in solution flow rate is significantly increasing
the removal efficiency due to reduction in the diffusion layer thickness and hence increasing the
rate of molecules transfer towards the anode. At the same time, the increase in the solution flow
rate will enhance the amount of the active oxidizing agents and increases the dispersion of these
agents via the act of turbulence leading to higher contact area among the dye molecules and the
oxidizing agents.
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Figure 15. Impact of flow rate on removal percentage
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4. Conclusion

Figure 16. Impact of flow rate on concentration decay
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Figure 17. Impact of flow rate on COD removal percentage

This work emphasizes the role of electrochemical oxidation, which has been recognized as a
flexible and effective technique for dye removal in wastewater treatment. An electrochemical
reactor operating in batch-circulation flow-through mode was utilized for the degradation of
methylene blue. The results indicate that increasing the dye concentration decreases the removal
efficiency, reaching 90% at 150 mg/L, 83% at 200 mg/L, and 63% at 300 mg/L. Increasing the
molarity of the supporting electrolyte enhances the removal efficiency from 80% to 95% when the
molarity increases from 0.5 to 2. In addition, the applied current is a significant factor affecting
the removal efficiency. As the treatment current increases 25 - 200 mA, the efficiency of removal
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increases from 27% to 96%. Furthermore, the elimination efficiency rises from 90% to 98% when
the electrolyte flow rate ranges from 2 to 6 L/min. The pH value also influences the removal
efficiency, showing a positive effect within the range of pH 2 to pH 7, where the removal efficiency
increases from 79% to 97%. However, the removal efficiency decreases when the pH exceeds
7.0verall, the findings support the potential of electrochemical oxidation as an effective method
for improving the quality of textile wastewater and contributing to sustainable water management.

Acknowledgment

The College of Engineering/Chemical Engineering Department of Al-Muthanna University in Iraq
provided technical help, for which the authors are deeply thankful.

References

Abou-Taleb E. M, Hellal M. S, Kamal K. H. Electro-oxidation of phenol in petroleum wastewater
using a novel pilot-scale electrochemical cell with graphite and stainless-steel electrodes.
Water and Environment Journal,2021, 35(1) :259-268.

Andrade Siqueira T.C, Zanette da Silva I, Rubio A.J, et al. Sugarcane Bagasse as an Efficient
Biosorbent for Methylene Blue Removal: Kinetics, Isotherms and Thermodynamics. Int. J.
Environ. Res. Public Health, 2020, 17: 526.

Arias Arias F, Guevara M, Tene T, et al. The Adsorption of Methylene Blue on Eco-Friendly
Reduced Graphene Oxide. Nanomaterials, 2020, 10: 681.

Balarak D, Bazzi M, Shehu Z, et al. Application of Surfactant-Modified Bentonite for Methylene
Blue Adsorption from Aqueous Solution. Orient. J. Chem, 2020, 36: 293-299.

Banat F, Al-Asheh S, Qtaishat M. Treatment of waters colored with methylene blue dye by vacuum
membrane distillation. Desalination, 2005, 174: 87-96.

Bonfatti F, Battisti A. De, Ferro S, et al. Anodic Mineralization of Organic Substrates in Chloride-
Containing Aqueous Media. Electrochimica Acta, 2000, 46: 305-314.

Bravo-Yumi N, Pacheco-Alvarez M, Bandala E. R, et al. Studying the influence of different
parameters on the electrochemical oxidation of tannery dyes using a Ti/IrO2-Sn0O2-Sb205
anode. Chemical Engineering and Processing-Process Intensification,2022, 181: 109173.

Chandanshive V, Kadam S, Rane N, et al. In situ textile wastewater treatment in high rate
transpiration system furrows planted with aquatic macrophytes and floating phytobeds. Che
mosphere, 2020, 252: 126513.

Chen Zhuoyao, Guangyan Xie, Zhanchang Pan, ef al. A novel Pb/PbO2 electrodes prepared by
the method of thermal oxidation-electrochemical oxidation: Characteristic and
electrocatalytic oxidation performance. Journal of Alloys and Compounds,2021, 851:
156834.

Cheng S, Oatley D.L, Williams P.M, et al. Characterisation and application of a novel positively
charged nanofiltration membrane for the treatment of textile industry wastewaters. Water
research, 2012, 46: 33-42.

Christian D, Gaekwad A, Dani H, et al. Recent techniques of textile industrial wastewater
treatment: A review. Materials Today: Proceedings, 2023, 77:277-285.

Comninellis C, Chen G. (Eds.). Electrochemistry for the Environment. New York. Springer, 2010,
2015:859.

16



Dakhil 1. H, & Abbas A. S. Preparation, characterization, and performance of potential stainless
steel electrodes modified with immobilized semiconductors for persistent organic pollutants
via photoelectro-Fenton process. Clean Technologies and Environmental Policy, 2025: 1-
19.

Dakhil I. H, Naser G. F, Ali A. H. Assessment of modified rice husks for removal of aniline in
batch adsorption process: optimization and isotherm study. Journal of Ecological
Engineering, 2021, 22(7).

De Luna Y, Bensalah N. Review on the electrochemical oxidation of endocrine-disrupting
chemicals using BDD anodes. Current Opinion in Electrochemistry,2022, 32:100900.

Deng Y, Chen N, Feng C, et al. Treatment of organic wastewater containing nitrogen and chlorine
by combinatorial electrochemical system: Taking biologically treated landfill leachate
treatment as an example. Chemical Engineering Journal, 2019, 364:349-360.

El-Ashtoukhy E.S.Z, Fouad Y.O. Liquid-liquid extraction of methylene blue dye from aqueous
solutions using sodium dodecylbenzenesulfonate as an extractant. Alexandria Engineering
Journal, 2015, 54: 77-81.

Eslami H, Sedighi Khavidak S, Salehi F, et al. Biodegradation of methylene blue from aqueous
solution by bacteria isolated from contaminated soil. Journal of Advances in Environmental
Health Research, 2017, 5: 10-15.

Ewuzie U, Saliu O.D, Dulta K, et al. A review on treatment technologies for printing and dyeing
wastewater (PDW). Journal of Water Process Engineering, 2022, 50:103273.

Fosso-Kankeu, Elvis Sadanand Pandey, Suprakas Sinha Ray.(Eds.). Photocatalysts in advanced
oxidation processes for wastewater treatment. John Wiley & Sons, 2020.

Garcia M.C, Mora M, Esquivel D, et al. Microwave atmospheric pressure plasma jets for
wastewater treatment: Degradation of methylene blue as a model dye. Chemosphere, 2017,
180: 239-246.

Garcia-segura S, Ocon J. D, Chong M. N. Electrochemical Oxidation Remediation of Real
Wastewater Effluents — A Review. Process Safety and Environmental Protection, 2018,
113:48-67.

Giannakopoulos S, Kokkinos P, Hasa B, ef al. Electrochemical oxidation of pharmaceuticals on
a Pt—SnO2/Ti electrode. Electrocatalysis,2022, 13(4): 363-377.

Gopalakrishnan A, Singh S.P, Badhulika S. Reusable, few-layered-MoS2 nanosheets/graphene
hybrid on cellulose paper for superior adsorption of methylene blue dye. New J. Chem.,
2020, 44: 5489-5500.

Hameed A.M. Synthesis of Si/Cu Amorphous Adsorbent for Efficient Removal of Methylene Blue
Dye from Aqueous Media. J. Inorg. Organomet. Polym. Mater., 2020, 30: 2881-2889.

Hellal MS, Hemdan BA, Youssef M, et al. Novel electro-oxidation unit for electro-disinfection of
E. coli and some waterborne pathogens during wastewater treatment: batch and continuous
experiments. Scientific Reports, 2022, 12(1):16417.

Imron M.F, Kurniawan S.B, Soegianto A, et al. Phytoremediation of methylene blue using
duckweed (Lemna minor). Heliyon, 2019, 5(8): €02206.

Kallawar G. A, & Bhanvase B. A. A review on existing and emerging approaches for textile
wastewater treatments: Challenges and future perspectives. Environmen tal Science and
Pollution Research, 2023, 31(2): 1748—1789.

Kamyab H, Yuzir M. A, Riyadi F. A, et al. Electrochemical oxidation of palm oil mill effluent

17



using platinum as anode: optimization using response surface methodology. Environmental
Research,2022, 214: 113993.

Khan I, Saeed K, Ali N, et al. Heterogeneous photodegradation of industrial dyes: An insight to
different mechanisms and rate affecting parameters. Journal of environmental chemical
engineering, 2020, 8: 104364.

Khan I, Saeed K, Zekker I, et al. Review on Methylene Blue: Its Properties, Uses, Toxicity and
Photodegradation. Water, 2022, 14(2):242.

Khosa M.A, Shah S.S, Nazar M.F. Application of micellar enhanced ultrafiltration for the removal
of methylene blue from aqueous solution. Journal of dispersion science and
technology,2011, 32: 260-264.

Kilany M. Isolation, screening and molecular identification of novel bacterial strain removing
methylene blue from water solutions. Appl. Applied Water Science, 2017, 7: 4091-4098.

Kim S, YuM, Yoon Y. Fouling and Retention Mechanisms of Selected Cationic and Anionic Dyes
in a Ti3C2Tx MXene-Ultrafiltration Hybrid System. ACS applied materials & interfaces,
2020, 12: 16557-16565.

Kong G, Pang J, Tang Y, et al. Efficient dye nanofiltration of a graphene oxide membrane: Via
combination with a covalent organic framework by hot pressing. Journal of Materials
Chemistry A, 2019, 7: 24301-24310.

Koyuncu H, Kul A.R. Removal of methylene blue dye from aqueous solution by nonliving lichen
(Pseudevernia furfuracea (L.) Zopf.), as a novel biosorbent. Applied Water Science, 2020,
10, 72.

Kumari S, Chowdhry J, Choudhury A, et al. Machine learning approaches for the treatment of
textile wastewater using sugarcane bagasse (Saccharum officinarum) biochar.
Environmental Science and Pollution Research, 2025, 32: 19462—19480.

Labiadh L, Barbucci A, Paola M, et al. Comparative Depollution of Methyl Orange Aqueous
Solutions by Electrochemical Incineration Using TiRuSnO2 , BDD and PbO2 as High
Oxidation Power Anodes. Journal of Electroanalytical Chemistry,2016, 766: 94-99.

Lau Y.Y, Wong Y.S, Teng T.T, et al. Degradation of cationic and anionic dyes in coagulation-
flocculation process using bi-functionalized silica hybrid with aluminum-ferric as auxiliary
agent. RSC Advances, 2015, 5: 34206-34215.

Lee H, Park S.H, Kim B.H, et al. Contribution of dissolved oxygen to methylene blue
decomposition by hybrid advanced oxidation processes system. International Journal of
Photoenergy, 2012, 1: 305989.

Lee K.M, Lee H.J, Seo J, et al. Electrochemical oxidation processes for the treatment of organic
pollutants in water: Performance evaluation using different figures of merit. ACS ES&T
Engineering, 2022, 9:228.

LiH, Liu L, Cui J, et al. High-efficiency adsorption and regeneration of methylene blue and aniline
onto activated carbon from waste edible fungus residue and its possible mechanism. RSC
Adv., 2020, 10: 14262-14273.

LiQ,BiJ, Yao Y, et al. A Novel 3D CoNiCu-LDH@CuO Micro-Flowers on Copper Foam as
Efficient electrocatalyst for overall water splitting. Applied Surface Science, 2023, 622:
156874.

Liu J, Li P, Xiao H, et al. Understanding flocculation mechanism of graphene oxide for organic
dyes from water: Experimental and molecular dynamics simulation. AIP Advances, 2015,

18



5: 117151.

Liu L, He D, Pan F, et al. Comparative study on treatment of methylene blue dye wastewater by
different internal electrolysis systems and COD removal kinetics, thermodynamics and
mechanism. Chemosphere, 2020, 238: 124671.

Liu Q.-X, Zhou Y.-R, Wang M, et al. Adsorption of methylene blue from aqueous solution onto
viscose-based activated carbon fiber felts: Kinetics and equilibrium studies. Adsorption
Science & Technology, 2019, 37:312-332.

Louafi F, Brahmia O. Electrochemical Oxidation Process to the Degradation of Aqueous Solution
Dyes. Sciences B, 2016,3(2):227-31.

Mahmoud M.S, Farah J.Y, Farrag T.E. Enhanced removal of Methylene Blue by
electrocoagulation using iron electrodes. Egyptian Journal of Petroleum, 2013, 22: 211—
216.

Mandal P, Dubey B.K, Gupta A.K. Review on landfill leachate treatment by electrochemical
oxidation: Drawbacks, challenges and future scope. Waste Management, 2017, 69:250-273.

Mardani S, Baghdadi M, Torabian A, et al. Electro-oxidation of ammonia using a continuous
system equipped with RuO2(@ Ti mesh anode: Optimization of the design parameters with
a focus on energy consumption and removal efficiency. Chemical Engineering
Science,2023, 277: 118868.

Mario J, Rodrigo M. A, Rocha-filho R. C, et al. Influence of the Supporting Electrolyte on the
Electrolyses of Dyes with Conductive-Diamond Anodes. Chemical Engineering Journal,
2012, 184: 221-227.

Mijinyawa A.H, Durga G, Mishra A. A sustainable process for adsorptive removal of methylene
blue onto a food grade mucilage: Kinetics, thermodynamics, and equilibrium evaluation.
Int. J. Phytoremediat, 2019, 21: 1122—-11209.

Narenkumar J, Sathishkumar K, Das B, et al. An integrated approach of bioleaching-enhanced
electrokinetic remediation of heavy metals from municipal waste incineration fly ash using
Acidithiobacillus spp. Frontiers in Environmental Science,2023, 11:1273930.

Naresh Yadav D, Anand Kishore K, Saroj D. A Study on removal of Methylene Blue dye by photo
catalysis integrated with nanofiltration using statistical and experimental approaches.
Environmental Technology, 2020, 42: 2968—2981.

Naser G. F, Dakhil 1. H, Hasan A. A. Evaluation of electro-fenton process for removal of
amoxicillin from simulated wastewater. GLOBAL NEST JOURNAL, 2024, 26(5).

Naser G. F, Mohammed T. J, Abbar A. H. A novel Tubular Electrochemical Reactor with a Spiral
Design of Anode for Treatment of Petroleum Refinery Wastewater. Egyptian Journal of
Chemistry, 2023, 66(1):257-270.

Naser G. F, Mohammed T. J, Abbar A. H. Optimization of chemical oxygen demand removal from
petroleum refinery wastewater by electrocoagulation using tubular electrochemical reactor
with a novel design. Desalination and Water Treatment, 2023, 281: 204-216.

Neodo S, Rosestolato D, Ferro S, et al. Electrolysis of Dilute Chloride Solutions : Influence of the
Electrode Material on Faradaic Efficiency for Active Chlorine , Chlorate and Perchlorate.
Electrochimica Acta, 2012, 80: 282-291.

Nguyet P.N, Watari T, Hirakata Y, et al. Adsorption and biodegradation removal of methylene
blue in a down-flow hanging filter reactor incorporating natural adsorbent. Environmental
Technology, 2019, 42: 410—-418.

19



Nidheesh P. V, Zhou M, Oturan M. A. An Overview on the Removal of Synthetic Dyes from
Water by Electrochemical Advanced Oxidation Processes. Chemosphere, 2018, 197: 210—
227.

Parakala S, Moulik S, Sridhar S. Effective separation of methylene blue dye from aqueous
solutions by integration of micellar enhanced ultrafiltration with vacuum membrane
distillation. Chem. Eng. J., 2019, 375: 122015.

Pattabhi S, Umadevi M. Electrochemical degradation of reactive red 195 from its aqueous solution
using RuO2/Ir02/Ta02 coated titanium electrodes. Asian Journal of Chemistry,2021, 33
(8): 1919-1922.

PiS.Y,Sun M. Y, Zhao Y. F, et al. Electroporation-coupled electrochemical oxidation for rapid
and efficient water disinfection with Co304 nanowire arrays-modified graphite felt
electrodes. Chemical Engineering Journal,2022, 435: 134967.

Qiu F, Wang L, Fan Y, ef al. Review on Structural Adjustment Strategies of Titanium-Based
Metal Oxide Dimensionally Stable Anodes in Electrochemical Advanced Oxidation
Technology. Advanced Engineering Materials,2024, 26(8): 2400122.

Regunton P.C.V, Sumalapao D.E.P, Villarante, N.R. Biosorption of methylene blue from aqueous
solution by coconut (Cocos nucifera) shell-derived activated carbon-chitosan composite.
Orient. J. Chem., 2018, 34: 115-124.

Repon Md. R, Dev B, Rahman, M. A, et al. Textile dyeing using natural mordants and dyes: A
review. Envi ronmental Chemistry Letters, 2024, 22: 1473-1520.

Rodriguez-Narvaez O.M, Picos A.R, Bravo-Yumi N, et al. Electrochemical oxidation technology
to treat textile wastewaters. Current Opinion in Electrochemistry, 2021, 29:100806.
Rosestolato D, Fregoni J, Ferro S, et al. Influence of the Nature of the Electrode Material and
Process Variables on the Kinetics of the Chlorine Evolution Reaction. The Case of IrO 2 -

Based Electrocatalysts. Electrochimica Acta, 2014, 139: 180-189.

Sandoval MA, Salazar R. Electrochemical treatment of slaughterhouse and dairy wastewater:
toward making a sustainable process. Current opinion in electrochemistry, 2021,
26:100662.

Shestakova M, Sillanpdd M. Electrode materials used for electrochemical oxidation of organic
compounds in wastewater. Reviews in Environmental Science and Bio/Technology,2017,
16 (2): 223-238.

Siddeeg S.M, Tahoon M.A, Mnif W, et al. Iron Oxide/Chitosan Magnetic Nanocomposite
Immobilized Manganese Peroxidase for Decolorization of Textile Wastewater. Processes,
2019, 8: 5.

Sopaj F, Rodrigo M. A, Oturan N, et al. Influence of the Anode Materials on the Electrochemical
Oxidation Efficiency . Application to Oxidative Degradation of the Pharmaceutical
Amoxicillin. Chemical Engineering Journal ,2015, 262: 286-294.

Sun Y, Cheng S, Lin Z, et al. Combination of plasma oxidation process with microbial fuel cell
for mineralizing methylene blue with high energy efficiency. Journal of Hazardous
Materials,2020, 384: 121307.

Tan K.A, Morad N, Ooi J.Q. Phytoremediation of Methylene Blue and Methyl Orange Using
Eichhornia crassipes. International Journal of Environmental Science and Development,
2016, 7: 724-728.

Thanigaivel S, Vinayagam S, Gnanasekaran L, et al. Environmental Fate of Aquatic Pollutants

20



and Their Mitigation by Phycoremediation for the Clean and Sustainable Environment: A
Review. Environmental research, 2024, 240: 117460.

Tir M, Moulai-Mostefa N, Nedjhioui M. Optimizing decolorization of methylene blue dye by
electrocoagulation using Taguchi approach. Desalination and Water Treatment, 2015, 55:
2705-2710.

Van Der Maas A.S, Da Silva N.J.R, Da Costa A.S.V, et al. The degradation of methylene blue dye
by the strains of pleurotus sp. With potential applications in bioremediation processes. Rev.
Ambient. Agua, 2018, 13(4): €2247.

Wang J, Lv G, Wang C. A Highly Efficient and Robust Hybrid Structure of CoNiN@NiFe LDH
for overall water splitting by accelerating hydrogen evolution kinetics on NiFe LDH.
Applied Surface Science, 2021, 570: 151182.

Wang Z, Gao M, Li X, et al. Efficient adsorption of methylene blue from aqueous solution by
graphene oxide modified persimmon tannins. Mater. Sci. Eng.: C, 2020, 108: 110196.

Xu R, Chi T, Tian J, et al. A new sustainable wastewater management: Simultaneous
mineralization and dehalogenation treatment of high salinity dye wastewater. Journal of
Cleaner Production, 2024, 445:141046.

Yang H, Liang J, Zhang L, et al. Electrochemical Oxidation Degradation of Methyl Orange
Wastewater by Nb/PbO 2 Electrode. International Journal of Electrochemical Science,2016,
11(2): 1121-1134.

Yang S, Wang A, Lin X, et al. Mechanism of Aluminium Electrochemical Oxidation and Alumina
Deposition Using a Carbon Sphere Electrode. Crystals,2024, 14(12):1102.

Yu Q, Wei L, Yang X, et al. Electrochemical synthesis of graphene oxide from graphite flakes
exfoliated at room temperature. Applied Surface Science,2022, 598: 153788.

Zhang J, Liu J, Xi L, et al. Single-Atom Au/NiFe Layered double hydroxide electrocatalyst:
Probing the origin of activity for oxygen evolution reaction. Journal of the American
Chemical Society, 2018, 140: 3876-3879.

Zhang J, Zhang Y, Lei Y, et al. Photocatalytic and degradation mechanisms of anatase TiO2: a
HRTEM study. Catalysis Science & Technology, 2011, 1(2): 273-278.

Zhang L.C, Jia Z, LyuF, et al. A review of catalytic performance of metallic glasses in wastewater
treatment: Recent progress and prospects. Progress in Materials Science, 2019, 105:
100576.

Zhang X, Li F, Wang J, et al. Strategy for improving the activity and selectivity of CO2
electroreduction on flexible carbon materials for carbon neutral. Applied Energy, 2021, 298:
117196.

Zheng L, Su'Y, Wang L, et al. Adsorption and recovery of methylene blue from aqueous solution
through ultrafiltration technique. Separation and purification technology, 2009, 68: 244—
249.

Zheng T.H, Zhang Z.Z, Liu Y, et al. Recent progress in catalytically driven advanced oxidation
processes for wastewater treatment. Catalysts, 2025, 15(8):761.

Zhong F, Wang P, He Y, et al. Preparation of stable and superior flux GO/LDH/PDA-based
nanofiltration membranes through electrostatic self-assembly for dye purification. Polymers
for Advanced Technologies, 2019, 30: 1644-1655.

Zou Q, Wang B, Gao B, et al. Roles and mechanisms of carbonaceous materials in advanced
oxidation coupling processes for degradation organic pollutants in wastewater: a review.
Biochar, 2023, 5(1):86.

21



