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ABSTRACT: The performance of the electrochemical oxidation of wastewater contaminated with 

Astrazon Red Violet 3RN Dye on Ti/IrO₂/RuO₂ was evaluated under a range of significant process 

variables: support electrolyte type and concentration, initial dye concentration, pH, current 

density, and temperature. ARV-3RN dye removal efficiency was over 90% at the high 

concentrations of NaCl (≥ 5.0 mM) and lower pH values (3.0 ≤ pH≤ ~7.5). At the same time,  

the temperature increases promoted faster degradation and less energy consumption except  

at 10°C temperature. While the increase in the initial dye concentration had a negative effect  

on the removal efficiency (from 99.84% to 65.02%), energy consumption increased from 2.5 kW-h/m3 

 to 3.25 kW-h/m3. Although the change in applied current density did not cause a significant 

difference in the removal efficiency (from 99.34% to 92.79%), it caused the energy consumption  

to increase from 3.10 kW-h/m3 to 25.767 kW-h/m3. Electrooxidation kinetics were evaluated using 

Pseudo-zero-order, Pseudo-first-order, and pseudo-second-order models. Kinetic data fitted best 

Pseudo-first-order model. The activation energy (Ea) of the EAOP process calculated using  

the Arrhenius equation is 13.707 kJ/mol. Thermodynamic parameters ΔH°, ΔS°, and ΔG° evaluated 

by Eyring's equation calculated 11.196 kJ/mol, -0.1244 kJ/mol, and 47.662 for 293 K, respectively. 
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INTRODUCTION 

Freshwater is one of the most vital things for human 

life. However, as urbanization, population, and 

industrialization increased rapidly worldwide, people 

began contaminating natural water sources with various 

home and industrial effluents [1]. Heavy metals, dyes, 

medicines, polyaromatic hydrocarbons (PAHs), 

polychlorinated biphenyls, acidic and basic effluents, and 
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pesticides are just a few dangerous chemical compounds 

found in complex wastewater matrices [2–5]. Synthetic 

dyes are a significant class of corrosive organic 

compounds frequently found in wastewater as 

environmental pollutants due to their extensive industrial 

use. [6]. A large volume of dyes is widely used by several 

sectors, including the textile (60%), leather tannery (60%),  
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paper (10%), and packaging industries (10%), and they  

are a significant source of pollution [7–9]. Even though 

residual dyes are only present in measurable amounts in 

wastewater, they must be eliminated before the wastewater 

is disposed of because the discharge of this colored 

wastewater into natural water bodies affects biological 

processes in the aquatic environment, restricts oxygen 

diffusion, blocks light penetration and causes an undesirable 

appearance [10–14]. Also, azo dyes pose a severe threat to 

the aquatic system and human health because of their 

adverse side effects, which include mutagenicity, skin 

irritation, allergy, and carcinogenicity [6, 15, 16].  

Some synthetic organic dyes are slow to degrade  

or non-biodegradable, which makes wastewater treatment  

in Conventional Wastewater Treatment Plants (CWTP) 

more challenging. Due to the dye's sizeable molecular 

weight, aromatic rings, reactive functional groups, and great 

biochemical stability, conventional treatment plants 

typically cannot effectively remove dye effluents [17, 18]. 

As a result of their resistance to common treatments such as 

coagulation-flocculation, biological oxidation, adsorption, 

ion exchange, and chemical oxidation, the great majority  

of dyes are called persistent organic pollutants [19, 20].  

For these reasons, there has been growing interest in the use 

of advanced technology such as ozonation, Fenton, photo-

Fenton, electro-Fenton, photocatalysis, radiation, sonolysis, 

and electrochemical oxidation (electrooxidation (EAOP)) 

which has been proven to be promising and attractive 

technology in the effective degradation of recalcitrant 

organic compounds like dyes in wastewater [21, 22]. 

Recent research on the removal of organic dyes from 

wastewater promotes their removal by electrochemical 

methods [23]. EAOP is a highly effective method that can 

break down even the most biorefractory organic pollutants 

in wastewater  [24, 25]. The ability of EAOP to transform 

hazardous compounds into non-hazardous or low-toxicity 

chemicals draws attention [26–28]. Compared to other 

advanced oxidation methods, it offers several advantages, 

including simplicity, selectivity, flexibility, high energy 

efficiency, without chemical additions, without producing 

sludge, automation amenability, the safety of operation 

under mild conditions, environmental friendliness, and 

financial viability [29–31]. Hydroxyl radicals (●OH) 

(E° = 2.8 V/SHE) generated electrolytically are used by 

EAOPs to mineralize organic contaminants [32, 33]. 

EAOPs may be categorized into two groups based on the 

generation of ●OH in the electrolytic system: direct and 

mediated EAOPs [34, 35]. The MOX  (●OH) principal 

process is that (●OH) hydroxyl radicals are generated  

on the metal oxide MOX anode surface by direct oxidation 

of water Eq. (1) [36]. The Process is heterogeneous, and 

the anode surface absorbs the generated hydroxyl radicals. 

MOX(●OH) transform into MOX+1 or evolve to oxygen 

Eq. (2) and Eq. (3). Chemisorbed oxygen (MOX+1) can be 

selectively converted refractory organics (RH) to 

biodegradable by-products (RHO) and produces oxygen 

(O2) as in Eq. (4). The generated ●OH radical can be physisorbed 

oxidant (MOX(●OH)) onto the anode surface and 

MOX(●OH) causes the complete mineralization of the 

organic pollutants (RH) into H2O, CO2, and inorganic ions 

Eq. (5) and Eq. (6) [37–40]. 

𝑀𝑂𝑥 + 𝐻20 → 𝑀𝑂𝑥(•𝑂𝐻) + 𝐻+ + 𝑒− (1) 

𝑀𝑂𝑥(•𝑂𝐻) → 𝑀𝑂𝑥+1 + 𝐻+ + 𝑒− (2) 

𝑀𝑂𝑥+1 → 𝑀𝑂𝑥 + 0.5𝑂2 (3) 

𝑀𝑂𝑥+1 + 𝑅𝐻 → 𝑀𝑂𝑥 + 𝑅𝐻𝑂 + 𝐻20 + 𝐻+ + 𝑒− (4) 

MOx(•OH)+RH→MOx+mH2O+nCO2+H++e-  (5) 

𝑀𝑂𝑥(•𝑂𝐻) → 𝑀𝑂𝑥 + 𝐻+ + 𝑒− + 0.5𝑂2 (6) 

One of the key points in explaining the high 

efficiencies achieved by EAOPs in removing organic 

pollutants is to understand the role played by oxidation 

processes that occur indirectly during the general 

oxidation in the treatment. Mediated oxidation can be 

defined as the oxidation of pollutants with strong 

oxidizers such as ●OH, ●CI, ●SO4-, hydrogen peroxide, 

ozone, peroxodisulfate (S2O8
2−), peroxodiphosphate 

(P2O8
4−), and peroxodicarbonate  (C2O6

2−) generated  

in wastewater depending on the electrolyte composition 

and electrode materials [41–43]. 

This study aimed to investigate an efficient EAOP 

system using Ti/IrO2/RuO2 anode for ARV-3RN dye 

removal. Additionally, efficient and cost-effective process 

conditions were determined by examining the impact of 

process variables on energy consumption and removal 

efficiency. Therefore, the initial concentration of ARV-3RN 

dye (50-1000 mg/L), current density (0.44-1.79 mA/cm2), 

initial pH (3.0-11.0), temperature (10-55 °C), supporting 

electrolyte type (NaCl, KCl, NaNO₃, and Na₂SO₄) and 

concentration (2.5-10 mM NaCl) were chosen as  

the system variables for investigation in this study,  

as suggested by prior research showing that the electrochemical

https://www.sciencedirect.com/topics/chemistry/environmental-pollutant
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Table 1: Properties and molecular structure of the ARV-3RN dye 

Properties Chemical structure 

Molecular formula: C23H29ClN2 

 

Molecular weight: 368.943 g/mol 

λmax/nm: 547 

CAS number: 6359-45-1 

 

degradation of organic pollutants primarily depends on 

specific system variables. 

 

EXPERIMENTAL SECTION 

Material 

All analytical grade chemicals that include ARV-3RN 

dye, nitric acid (HNO3) (68%), sodium hydroxide (NaOH) 

(≥ 98%), Sodium chloride (NaCl) (≥ 99%), Potassium 

chloride (KCl) (≥ 99%), Sodium sulfate (Na2SO4) (≥ 99%), 

and Sodium Nitrate (NaNO3) (≥ 99%) used throughout 

experimental studies were purchased from Sigma-Aldrich. 

The properties and molecular structure of the ARV-3RN 

dye are illustrated in Table 1. ARV-3RN dye stock solution 

was prepared as 1000 mg/L with 1 L of distilled water. 

 

Experimental setup and analytical procedures 

The effects of variables, including pH, electrolyte type 

and concentration, current density, temperature, and 

initial dye concentration on the elimination of ARV-3RN 

dye by EAOP were worked in batch mode. All 

experiments were conducted in a jacketed glass reactor  

in which 70x100x2 mm dimension electrodes were positioned 

parallelly. Also, Ti/IrO2/RuO2 mesh plates as anode  

and stainless steel as cathode were used in the reactor. 5 anode 

and 5 cathode mesh plates were used for a total surface area  

of 2240 cm2. The electrodes were placed parallel  

to the reactor with 0.5 cm spaces to prevent ohmic losses. 

1.2L of synthetic ARV-3RN dye solution for each run  

was filled into the reactor. The required electrical current 

was supplied by a digitally controlled direct current 

supply (KXN-3050D DC-Power Supply). A magnetic 

stirrer (Heidolph MR Hei-End) was used to mix the dye 

solution homogeneously in the reactor. The solution's 

initial pH was adjusted with analytical grade 0.1 M HNO3 

(68%) and 0.1 M NaOH (≥ 98%); pH was checked during  

the experiment, but no pH adjustments were done.  

A cooling heating circulator controlled the reactor 

temperature. The sample temperature, conductivity, and  

pH were continuously measured using the WTW multi-340i 

 
Fig. 1: Schematic setup of a batch-mode EAOP process. 

 

Table 2: Equations of kinetic models 

Kinetic Model Mathematical equations Pilots Equations 

Pseudo-zero-order 

kinetic 
𝐶𝑡 = 𝐶0 − 𝑘0𝑡 

C0-Ct 

versus t 
(8) 

Pseudo-first-order 

kinetic 
In(

𝐶0

𝐶𝑡

) = 𝑘1𝑡 
ln (Ct/C0) 

versus t 
(9) 

Pseudo-second-order 

kinetic 

1

𝐶𝑡

=
1

𝐶0

+ 𝑘2𝑡 
t/Ct 

versus t 
(10) 

 

multimeter. Color measurement of the samples taken at regular 

intervals up to 60 min of reaction time was made with  

a spectrophotometer (Spekol-1100-UV-Vis spectrophotometer) 

at a wavelength of 547 nm. The electrochemical cell  

was properly washed after each batch experiment to prevent 

the electrode surface's passivation. The setup of a lab-scale 

EAOP system is shown in Fig. 1. 

The dye removal efficiency obtained by electrochemical 

oxidation was determined utilizing Eq. (7): 

𝑅𝑒𝑚𝑜𝑣𝑎𝑙𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦(%) = (1 −
𝐶𝑒

𝐶0
) × 100                   (7) 

Where C0 and Ce are expressed as the initial dye concentration 

(mg/L) and final dye concentration (mg/L), respectively. 

Pseudo-zero-order kinetics, pseudo-first-order kinetics 

and pseudo-second-order kinetics were used to calculate 

the electrochemical oxidation kinetics of ARV-3RN dye 

with the kinetics shown in Table 2. Where k0, k1, and k2 

represent pseudo-zero-order (mg/L.min) and pseudo-first-

order (1/min) and pseudo-second-order (L/mg.min) rate 

constant, respectively. C0 is the initial concentration of ARV-3RN
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Fig. 2: Effect of type of support electrolyte on ARV-3RN dye removal efficiency 

 

 
Fig. 3: Pseudo-first-order kinetics fitting for support electrolyte type 

 

dye (mg/L), Ct is the concentration of ARV-3RN dye at t 

time (mg/L), and t is the reaction time (min). The kinetic 

parameters were obtained by fitting the experimental data 

with linear regression. 

The energy consumption is defined as the amount of 

energy consumed per unit m3 of dye degraded and 

expressed in kW-h/m3 of dye removed and was calculated 

based on the following Eq. (11): 

𝐸𝑛𝑒𝑟𝑔𝑦𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛; 𝐸𝐶(𝑘𝑊

− ℎ/𝑚3𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟) =
𝑉 × 𝐼 × 𝑡

𝜈
 

(11) 

Where V (volt) is the average cell voltage, I (ampere) is 

current, t is the electrolysis time (min), and v (m3) is the 

total ARV-3RN dye volume. 

 

RESULTS AND DISCUSSION 

Effect of supporting electrolyte type on removal efficiency 

and rate constant 

Electrooxidation degradation can only proceed  

in electrically conductive solutions. The decolorization 

efficiency of the EAOP Process is determined by the 

supporting electrolyte type and concentration added  

to the solution to provide electrical conductivity. The most 

effective several salts (KCl, NaCl, Na2SO4, and NaNO3) 

were investigated as supporting electrolytes in the EAOP 

process. At a constant current density of 0.44 mA/cm2,  

5.0 mM support electrolytes were added to 250 mg/L dye 

solution at initial pH (≈7.5), and the efficiency of ARV-3RN 

dye removal was determined over a reaction time  

of 60 min. Fig. 2. According to the findings, electrolytes 

added to the solution increased the dye removal efficiency 

at the end of the electrolysis time. ARV-3RN dye removal 

efficiencies for the runs NaCl, KCl, Na2SO4, and NaNO3 

were 92.79%, 86.60%, 54.20%, and 35.45%, respectively. 

To analyze the oxidation kinetic behaviour of the 

electrochemical oxidation of ARV-3RN, oxidation kinetic 

models’ equations were given in Table 2.  Fig. 3. showed 

a good linear correlation between ln(C0/C) and electrolysis 

time (t) (R2 > 0.98) for 5.0 mM NaCl support electrolyte. 

According to the supporting electrolyte type, k values  

can be ordered as NaCl> KCl> NaNO₃> Na₂SO₄. The active 

chlorine species that causes indirect oxidation is the reason 

for the high reaction rate. The larger ionization capacity of 

the NaCl electrolyte than the KCl electrolyte can explain 

why it is more successful at removing dye [44, 45]. NaCl 

is also easy to obtain and has relatively high solubility [39].

0

10

20

30

40

50

60

70

80

90

100

0 15 30 45 60

D
y
e
 R

e
m

o
v

a
l 

E
ff

ic
ie

n
c
y
 (

%
) 

Operation Time (min)

NaCl KCl

NaNO₃ Na₂SO₄

Without electrolyte

kNaCl = 0.0467 

R² = 0.980

kKCl = 0.0353

R² = 0.965

kNaNO₃ = 0.0128

R² = 0.959

kNa₂SO₄ = 0.0076

R² = 0.912
kWithout = 0.0045

R² = 0.952

0

0.5

1

1.5

2

2.5

3

0 10 20 30 40 50 60

ln
 (

C
0

/C
)

Operation time (min)

5.0 mM NaCl 5.0 mM KCl

5.0 mM NaNO₃ 5.0 mM Na₂SO₄

Without electrolyte



ran. J. Chem. Chem. Eng. Sözüdoğru O. Vol. 42, No. 11, 2023 

 

3644                                                                                                                                                                Research Article 

 
Fig. 4: Effect of support electrolyte concentration on ARV-3RN dye removal efficiency 

 

ARV-3RN dye removal efficiency increased significantly 

with all salts used in the studies. 

Compared to Na2SO4 and NaNO3, NaCl and KCl 

electrolytes are much more effective in removing ARV-3RN 

dye. The production of different oxidant types associated 

with the type of salt in this medium may be involved. 

Chlorine was added to promote the electrochemical 

generation of active chlorine species, such as the powerful 

oxidants Cl2, HOCl, and OCl- dependent on the current 

density and pH of the solution [46].  NaNO3, an inert 

electrolyte, has no ions in its structure that may function  

as an indirect oxidant [47, 48]. Also, NaNO3 and 

polymeric species in the wastewater block the electrode 

surfaces and deactivate the active sites on the electrode 

surfaces. Thus, The efficiency decrease of electrochemical 

oxidation is due to the contamination/passivation of  

the working electrode surface [49–51]. The Na2SO4 electrolyte 

produces ●SO4
⁻ and S2O8

⁻, which are weak oxidants that 

indirectly degrade the dye, but over time SO4
-2 scavenges 

the ●OH (Eqs. (12), (13), (14), and (15)) [26, 52, 53]. 

Similar results are available in studies investigating  

the effect of the supporting electrolyte type on electrochemical 

reactions [53, 54]. 

2𝐻2𝑂 → 2 𝑂• 𝐻 + 2𝐻+ + 2𝑒− (12) 

2𝑆𝑂4
−2 → 𝑆2𝑂8

−2 + 2𝑒− (13) 

𝑆𝑂4
−2 + 𝑂• 𝐻 → 𝑆𝑂4

−• + 𝑂𝐻− (14) 

𝑆𝑂4
−• + 𝑆𝑂4

−• → 𝑆2𝑂8
−2 (15) 

 

Effect of support electrolyte concentration on removal 

efficiency and rate constant 

Sodium chloride (NaCl) was chosen as a supporting 

electrolyte in this study because of its low cost, high 

solubility, and the production of strong oxidizing active 

chlorine species. The effect of support electrolyte 

concentration on the ARV-3RN dye removal was carried 

out to examined at a constant current density of  

0.45 mA/cm2, initial pH (≈7.5), the temperature of 20 °C, 

the synthetic ARV-3RN dye concentration of 250 mg/L,  

a certain amount of NaCl (2.5 mM, 5.0 mM, 7.5 mM, 

 and 10 mM), and reaction time of 60 min. The efficiency 

of ARV-3RN dye removal for the runs of 2.5 mM NaCl,  

5.0 mM NaCl, 7.5 mM NaCl, and 10 mM NaCl was found 

to be 74.98%, 92.79%, 95.50%, and 98.87%, respectively. 

The data obtained are given in Fig. 4. According to the calculations 

made according to the kinetic equations given in Table 2, 

it is demonstrated in Fig. 5. to be a linear correlation 

between ln(C0/C) and operation time (t) for all NaCl 

concentrations. It can be concluded that the k values 

increased as the concentration of the supporting electrolyte 

increased. As the support electrolyte concentration 

increased from 2.5 mM NaCl to 10 mM NaCl, the k value 

ranged from 0.0239 to 0,0718 1/min.  

The production of more active chlorine species such as 

Cl2, HClO, and ClO− (Eqs. (16), (23), and (24)), which 

quickly oxidize the ARV-3RN dye, is connected to the 

increase in the reaction rate with increasing support 

electrolyte concentration. The addition of NaCl, which 

enhanced the solution's conductivity, not only decreased 

energy consumption but also contributed to powerful 

oxidizing agents and decreased the electrodes' passivity  

by eliminating the passive oxide layer from their surface due to 

its catalytic effect [55, 56]. The solution's electrical 

conductivity significantly impacts the rate of decolorization. 

Conductivity affects a higher degradation ratio, faster 

electron transport, and energy savings [57]. NaCl controls 

the formation of reactive chlorine species like Cl2, HClO, 

and ClO– [24, 39, 58]. The indirect oxidation via  

the chlorine/hypochlorite generated during the electrolysis 

0

10

20

30

40

50

60

70

80

90

100

0 15 30 45 60

D
y
e
 R

e
m

o
v

a
l 

E
ff

ic
ie

n
c
y
 (

%
) 

Operation time (min)

10 mM NaCl
7.5 mM NaCl
5.0 mM NaCl
2.5 mM NaCl
Without electrolyte



Iran. J. Chem. Chem. Eng. Electrochemical Oxidation of Wastewater Contaminated with ... Vol. 42, No. 11, 2023 

 

Research Article                                                                                                                                                                3645 

 
Fig. 5: Pseudo-first-order kinetics fitting for support electrolyte concentration 

 

in the NaCl medium might be primarily responsible for  

the elimination of the synthetic dye in the electrochemical 

oxidation [59–61]. More electro-active chlorine oxidizing 

species were formed at higher NaCl concentrations, 

increasing the percentage of ARV-3RN dye removed. 

 

Anodic reactions 

2𝐶𝑙− → 𝐶𝑙2 + 2𝑒− (16) 

6𝐻𝑂𝐶𝑙 + 3𝐻2𝑂

→ 2𝐶𝑙𝑂3
− + 4𝐶𝑙− + 12𝐻+ + 1.5𝑂2 + 6𝑒− 

(17) 

2𝐻2𝑂 → 𝑂2 + 4𝐻+ + 6𝑒− (18) 

 

Cathodic reactions 

2𝐻2𝑂 + 2𝑒− → 2𝑂𝐻− + 𝐻2 (19) 

𝑂𝐶𝐼− + 2𝐻2𝑂 + 2𝑒− → 𝐶𝑙− + 2𝑂𝐻− (20) 

6𝐶𝑙𝑂− + 3𝐻2𝑂

→ 2𝐶𝐼𝑂3
− + 4𝐶𝐼− + 6𝐻+ +

3

2
𝑂2 + 6𝑒− 

(21) 

𝐶𝑙𝑂3
− +𝐻2𝑂 →  𝐶𝑙𝑂4

−+ 2𝐻 + 2𝑒− (22) 

 

Solution reactions 

𝐶𝑙2 + 𝐻2𝑂 → 𝐻𝑂𝐶𝑙 + 𝐻+ + 𝐶𝑙− (23) 

𝐻𝑂𝐶𝑙 ⇔ 𝐻+ + 𝑂𝐶𝑙− (24) 

Malpass et al. [62] and Miwa et al. [63] also offered 

evidence for the crucial role of NaCl in decolorization. 

Viana et al. [64] stated that in the removal of reactive Black 

5 dye by electrooxidation using Ti/(RuO2)0.8-(Sb2O3)0.2  

electrode, the dye removal improved from 13.79% to 

80.45% by increasing NaCl from 0.03 M to 0.1 M. Another 

study that used platinum-coated titanium electrodes to 

remove Drimaren Orange HF 2GL reported that the removal 

efficiency improved as the NaCl concentration increased [44]. 

 

Effect of initial pH on removal efficiency and rate constant 

Numerous researchers have investigated how the solution's 

initial pH affects degradation processes, and the results 

indicate that this initial pH is essential for the 

electrocatalytic breakdown of organic contaminants. 

Because it may change the morphology of species that 

have degraded and the surface charge of the catalyst 

throughout the wastewater treatment process, the pH  

of the wastewater is a frequent factor impacting the removal 

of organic contaminants ((46,47,48)). To investigate  

the effects of the initial pH on ARV-3RN dye removal,  

the initial pH was set to five levels 3.0, 5.0, natural (≈7.5), 

9.0, and 11.0, with other factors unchanged (0.45 mA/cm2 

current density, 5.0 mM NaCl support electrolyte, 20 °C 

temperature, 250 mg/L dye concentration and 60 min 

reaction time). As shown in Fig. 6. at 60 min, the dye 

removal efficiencies were 99.67%, 98.14%, and 92.79%  

at pH 3.0, 5.0, and natural (≈7.5), respectively. At pH 

above the natural pH (9.0 and 11.0), the dye removal 

efficiency is below 70%. The removal efficiencies for pH 

9.0 and 11.0 were 69.00% and 62.97%, respectively. 

Changing the initial pH affected decolorization efficiency 

Fig. 7. shows a better linear correlation (>98) between 

the removal efficiency and electrolysis time in the acidic 

and neutral media compared to the basic media. The results 

showed the following decolorization reaction rate order: 

kpH:3.0> kpH:5.0> kpH: ≈7.5> kpH:9.0> kpH:11.0. Because of the 

production of powerful oxidizing agents such as Cl2, 

HClO, and ClO− during the electrolysis time, the addition 

of support like chloride can accelerate the breakdown  
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Fig. 6:  Effect of initial pH on removal of ARV-3RN dye 

 

  
Fig. 7: Pseudo-first-order kinetics fitting for initial pH 

 

of organic contaminants in wastewater. These species  

can convert organic pollutant molecules into non-polluting 

species, such as CO2 and H2O, or less harmful products [65]. 

The dominating reactive chlorine species depend on  

the pH of the solution (pH ≈3.0 for Cl2, 3.0< pH <8.0  

for HCIO, and pH> 8.0 for ClO− (Eqs. (16), (23), and (24)) 

[66] and have standard potentials (E°) of 1.36 V, 1.49 V, 

and 0.89 V for Cl2(aq), HClO, and ClO−, respectively [67]. 

Also, some available types of chlorine, such as HCIO and 

ClO− in very alkaline conditions, would be transformed 

into ClO3
− or ClO4

− ions (Eqs. (17), (21), and (22)), which 

have weak oxidation capacity for organic removal, and 

these agents are responsible for the EAOP process poor 

performance at basic pHs [59, 68, 69]. 

The effectiveness of the EAOP process depends on 

variations in pH during the operation time as well as  

on the initial pH. As seen in Fig. 8. it reveals that the pH changes 

from intermediates during the degradation of the dye. 

 

Current density on removal efficiency and rate constant 

The impact of constant current density on the 

decolorization was investigated at 0.44 mA/cm2, 

0.89 mA/cm2, 1.33 mA/cm2, and 1.78 mA/cm2 current 

densities at initial pH (≈7.5), initial dye concentration  

of 250 mg/L, support electrolyte of 5.0 mM NaCl,  

the temperature of 20 °C, and electrolysis time of 60 min. 

The results for 0.44 mA/cm2, 0.89 mA/cm2, 1.33 mA/cm2, 

and 1.78 mA/cm2 current densities on ARV-3RN dye 

removal for each applied current density are; 92.79%, 

94.33%, 96.54, and 99.34, respectively.  

As shown in Fig. 9. Current density significantly 

impacts the electrochemical elimination of ARV-3RN dye 

since it provides the force that drives charge migration. 

After 60 min of electrolysis, the ARV-3RN dye removal 

increased from 92.79% to 99.34%, and the rate constant 

from 0.0467 1/min to 0.0838 1/min when the current density 

increased from 0.44 to 1.78 mA/cm2 (Fig. 10.).  For this 

situation, it can be stated that the increase in current density 

considerably speeds up the elimination process of 

contaminants due to the increased rate of production of 

oxidants such as ●OH, Cl2, HClO, and ClO− at higher current 

densities [59, 70, 71]. The rate of the electro-degradation 

reaction is controlled by current density, which is one of the 

critical variables in the EAOP process [72]. Applied current  
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Fig. 8: The variation of pH values during the operation time 

 

 
Fig. 9: Effect of current density on color removal efficiency 

 

 
Fig. 10: Pseudo-first-order kinetics fitting for current density 

 

density regulates the electron transfer, and the quantity of 

radical ●OH generated on the electrode surface would 

directly affect how quickly organic pollutants were 

removed. [73]. However, it is known that higher current 

densities cause undesired side reactions, such as parasitic 

reactions, which cause the depletion of ClO⁻ (Eqs. (20)  

and (21)) [29, 70]. If the applied current density exceeds  

the optimum amount, a large part of the electricity will be 

converted into heat energy, increasing the temperature  

of the wastewater, resulting in increased costs as energy is 

wasted. These undesirable reactions might be the reason  

for unchanging dye removal efficiency (from 96.54% to 99.34%) 

when the current density is raised from 1.33 mA/cm2 to  

1.78 mA/cm2.  

 

Effect of initial dye concentration on removal efficiency 

and rate constant 

To explain the impact of ARV-3RN dye concentration 

on the degradation efficiency, various investigations were 

carried out with ARV-3RN dye concentrations ranging  
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Fig. 11: Effect of initial dye concentration on ARV-3RN dye removal efficiency 

 

 
Fig. 12: Pseudo-first-order kinetics fitting for initial dye concentration 

 

from 50 mg/L to 1000 mg/L in the presence of 5.0 mM 

NaCl, the current density of 0.44 mA/cm2, initial pH ≈7.5, 

the temperature of 20 °C, and reaction time of 60 min.  

As shown in Fig. 11. after 60 min of degradation,  

the decolorization efficiency of the dye with ARV-3RN 

dye 50 mg/L and 100 mg/L is 99.84% and 98.99%, while  

the color removal rates of 250 mg/L, 500 mg/L, and 1000 mg/L 

were 92.79%, 70.74%, and 65.02%, respectively. Higher 

degrading efficiency of ARV-3RN dye was obtained for 

concentrations of 50 mg/L and 100 mg/L. It may be 

attributed to diffusion control affecting how the dye degrades. 

As the dye concentration increases, the diffusion rate of the dye 

molecules to the active sites of the anode decreases,  

so it tends to form clusters with low diffusion. [35]. 

Another reason might be that because the amount of ●OH 

and other reactive species generated during electrolysis 

stayed unchanged at a constant current density, the 

operated EAOP system in the high concentration of ARV-

3RN dye could not remove all of the dye [74].  

As seen in Fig. 12. the relationship R2 = 0.99 is close 

to 1, and the linear fit between the lnC0/C and electrolysis 

time can be approximated as first-order kinetics. It is 

observed from Fig. 13 that the rate constant of ARV-3RN 

oxidation diminished from 0.1081 1/min to 0.0188 1/min 

when the initial ARV-3RN dye concentration increased 

from 50 mg/L to 1000 mg/L. This may be because dyes 

often relate increased initial concentration to clusters of 

poor diffusivities [56]. The high initial concentration of the 

ARV-3RN dye might cause generating and accumulation 

of huge quantities of intermediates and by-products, which 

compete with the dye molecules to react with the ●OH, 

reducing the removal rate [75, 76]. But at lower 

concentrations, the maximum ARV-3RN dye removal rate 

was achieved, indicating that •OH radicals destroyed most 

of the dye molecules. A process can explain this result  

in which, at low initial concentrations, the rates of the 

electrochemical breakdown of organic molecules might be 

faster than the diffusion of intermediate metabolites [75, 77].  

 

Effect of temperature on removal efficiency and rate constant 

As shown in Fig. 13. the effects of different 

temperatures (10 °C, 20 °C, 30 °C, 40 °C, and 55 °C)  

on color removal rates were investigated at 0.44 mA/cm2 

current density, 250 mg/L ARV-3RN dye concentration,  
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Fig. 13: Effect of temperature on color removal efficiency 

 

 
Fig. 14: Pseudo-first-order kinetics fitting for temperature 

 

initial pH (≈7.5), and 60 min operation time. 

The increasing temperature has a minor effect on the 

removal efficiency of the ARV-3RN dye. For example, 

after 60 min of electrochemical degradation, the removal 

efficiencies at 10 °C, 20 °C, 30 °C, 40 °C, and 55 °C are 

90.99%, 96.39%, 97.11%, 99.31%, and 99.77%, 

respectively. The effect of temperature may vary for 

each pollutant. While some researchers have found that 

organic matter oxidises more quickly as the temperature 

rises, other investigations have shown the converse to be 

true. The mass transfer process increases as the increasing 

temperature decreases the solution viscosity [78]. A possible 

enhancement of removal efficiency of ARV-3RN dye 

could be attributed to an increase in the pollutant's 

contact with the electrode and an increase  

in the pollutant's interaction with oxidising agents (●OH, 

HClO, and ClO−) in the solution [58]. Depending on the 

type of mediated oxidants, the increasing temperature 

can also increase the rate of mediated oxidation [79–81]. 

Additionally, when the temperature of the solution 

rises, the applied voltage drops, which lowers energy 

usage. The first-order kinetic constants k ranged from 

0.0941-0.0428 1/min according to the investigated 

temperature values. As seen in Fig. 14. the decolourisation 

efficiency gradually increased at temperatures of 10 °C, 

20 °C, and 30 °C, but when the temperature reached  

40 °C, and 50 °C, the same change in temperature was 

near twice the corresponding degradation efficiency. 

When the temperature rises to 50 °C, the reaction energy 

barrier is decreased, leading to a dramatic increase  

of molecules in a high-energy state.  

Several steps can be carried out to analyse the regulating 

mechanism of the electrooxidation, such as chemical 

reaction, diffusion control, and mass transfer. Kinetic 

models were used to test experimental results from  

the oxidation of ARV-3RN dye on Ti/IrO₂/RuO₂. The kinetic 

parameters, which are beneficial for the prediction of 

oxidation rate, supply important data for designing  

and modelling the EAOP processes. Thus, the kinetics  

of electrooxidation of the ARV-3RN dye on Ti/IrO₂/RuO 

was analyzed using pseudo-zero order, pseudo-first order 

and pseudo-second order. The results of the kinetic 

analysis are given in Table 3. It was found that the data 

were fitted with the pseudo-first-order kinetic model. 
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Table 3. Kinetic constants for electrooxidation of ARV-3RN dye on Ti/IrO₂/RuO 

Parameters 
Kinetic Models 

Pseudo-zero order Pseudo-second order Pseudo-first order 

Support 

electrolyte type 

Support electrolyte 

concentration (mol/L) 

Initial dye 

concentration (mg/L) 
pH 

Current density 

(mA/cm²) 
Temperature ֯C R² R² Experimental C₀ Calculated C₀ k (1/min) R² 

NaCl 5 250 7.5 0.44 20 0.859 0.945 250 248.2 0.0467 0.984 

KCl 5 250 7.5 0.44 20 0.855 0.910 250 247.3 0.0353 0.965 

NaNO₃ 5 250 7.5 0.44 20 0.929 0.916 250 246.1 0.0128 0.959 

Na₂SO₄ 5 250 7.5 0.44 20 0.880 0.898 250 243.0 0.0076 0.912 

Without 0 250 7.5 0.44 20 0.912 0.933 250 245.8 0.0045 0.952 

NaCl 2.5 250 7.5 0.44 20 0.930 0.911 250 244.6 0.0239 0.979 

NaCl 7.5 250 7.5 0.44 20 0.794 0.926 250 242.3 0.0518 0.986 

NaCl 10 250 7.5 0.44 20 0.719 0.745 250 248.7 0.0718 0.991 

NaCl 5 50 7.5 0.44 20 0.541 0.691 50 48.31 0.1081 0.991 

NaCl 5 100 7.5 0.44 20 0.662 0.854 100 98.55 0.0798 0.982 

NaCl 5 500 7.5 0.44 20 0.887 0.918 500 495.0 0.0209 0.951 

NaCl 5 1000 7.5 0.44 20 0.936 0.967 1000 989.4 0.0188 0.968 

NaCl 5 250 3.0 0.44 20 0.633 0.691 250 251.3 0.0906 0.990 

NaCl 5 250 5.0 0.44 20 0.709 0.871 250 254.3 0.0664 0.986 

NaCl 5 250 9.0 0.44 20 0.928 0.926 250 246.9 0.0194 0.974 

NaCl 5 250 11.0 0.44 20 0.916 0.929 250 240.7 0.0174 0.969 

NaCl 5 250 7.5 0.89 20 0.826 0.951 250 244.4 0.0489 0.982 

NaCl 5 250 7.5 1.33 20 0.842 0.912 250 244.3 0.0556 0.989 

NaCl 5 250 7.5 1.78 20 0.800 0.771 250 252.0 0.0837 0.995 

NaCl 5 250 7.5 0.44 10 0.865 0.944 250 251.4 0.0426 0.990 

NaCl 5 250 7.5 0.44 30 0.867 0.836 250 252.3 0.0574 0.994 

NaCl 5 250 7.5 0.44 40 0.824 0.805 250 251.7 0.0835 0.990 

NaCl 5 250 7.5 0.44 55 0.707 0.789 250 248.4 0.0855 0.984 



Iran. J. Chem. Chem. Eng. Electrochemical Oxidation of Wastewater Contaminated with ... Vol. 42, No. 11, 2023 

 

Research Article                                                                                                                                                                                                                                                                      

3651 

 

Fig. 15: The Arrhenius plots for electrooxidation of 

ARV-3RN dye on Ti/IrO₂/RuO₂. 

 

Activation Energy and Thermodynamic Parameters 

The Arrhenius equation describes the quantitative 

relationship between assay temperature, rate constant, and 

activation energy. The dependence of the oxidation rate 

constant on temperature can be given as follows [82]. 

𝐿𝑛(𝑘) = 𝐿𝑛(𝑘𝑎) −
𝐸𝑎

𝑅𝑔

⋅
1

𝑇
 (24) 

where Ea, activation energy (kJ/mol); ka, Arrhenius constant; 

Rg, universal gas constant (8.314 J/mol-K); T the absolute 

temperature (K); k global apparent rate constant (1/min). 

According to the Arrhenius equation (Eq. (24)), to calculate 

k0 and Ea values for different temperatures can be plotted  

the graph of ln (k) vs 1/T. Fig. 3a shows the pilot of ln(k) versus 

1/T, giving a straight line. In the aqueous solution, activation 

energy (Ea) was found to be 13.707 kJ/mol for the 

electrooxidation of the ARV-3RN dye on Ti/IrO₂/RuO.  

 

Thermodynamics Parameters 

Thermodynamic activation parameters Gibbs free 

energy (∆G), enthalpy (∆H) and entropy of activation (∆S) 

changes were determined using Eyring's equation [83, 84]. 

𝐿𝑛 (
𝑘

𝑇
) = [𝐿𝑛 (

𝑘𝑏

ℎ
) +

𝛥𝑆 ∗

𝑅𝐺
] −

𝛥𝐻 ∗

𝑅𝐺
⋅

1

𝑇
 (25) 

Where kb and h are the Boltzmann constant (Rg=N, 

1.3806x10-23 J/mol-K) and Plank’s constant (6.60266x 10-34 J/s), 

respectively. T is the absolute temperature (K) and RG is 

the universal gas constant (kJ/mol-K). 

If we plot an Ln(k/T) versus 1/T, from the intercept  

is calculated the change in entropy (ΔS), and by the slope, 

it is possible to calculate the change in enthalpy (ΔH). The 

Gibbs free energy (∆G) of a system (∆G) can be 

determined from the following equation [85]. The ln (k/T) 

versus (1/T) is given in Fig. 16.  

 

Fig. 16: Eyring plot used to determine ΔH and ΔS 

 

𝛥𝐺 ∗= 𝛥𝐻 ∗ −𝑇 ⋅ 𝛥𝑆 ∗ (26) 

The formation of complex activated molecules  

is linked to the activation entropy (ΔS). A negative sign 

means the number of molecules in the system decreases 

when the species are combined in the transition state.  

On the other hand, the system gets more disorganised, 

and the value of ΔS decreases when more components are 

present in the transition state. An increase in the number 

of species and resulting randomness at the (solid + liquid) 

interface are both clarified by a negative ΔS [33]. The 

energy used by the reactions that occur during oxidation 

is known as the enthalpy of activation (ΔH) [86]. Positive 

ΔH and ΔG values indicate that the reaction is 

endothermic and nonspontaneous since the product's 

enthalpy is higher than the reactants, while the 

endergonic reaction is represented by negative ΔS 

[87,88]. The values of ΔH, ΔS and ΔG are shown in Table 4. 

 

Energy Consumption 

The electrooxidation process's primary drawback is its 

significant energy consumption. Therefore, the efficiency 

of electrooxidation processes is generally evaluated 

regarding energy consumption. The variances in energy 

consumption for experimental parameters are seen in 

Fig.17. When the results were evaluated, it became clear 

that the supporting electrolyte type greatly impacts how 

much energy is used. High conductivity generally 

corresponds to reduced electrochemical cell resistance and 

higher process efficiency. Each support electrolyte type 

used less energy than running without support electrolytes. 

Intentionally adding a supporting electrolyte such as NaCl, 

KCl, NaNO3, and Na2SO4 increases the conductivity of 

synthetic wastewater decreases electrical energy usage  

and promotes indirect anodic oxidation. As seen in Fig. 17 (a).  
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Table 4: Thermodynamic parameters for the electrooxidation of the ARV-3RN dye on Ti/IrO₂/RuO 

ΔH (kJ/mol) ΔS (J/mol-K) ΔG (kJ/mol) 

 293 K 303 K 313 K 323 K 333 K 

11.196 -0.1244 47.662 48.907 50.152 51.396 52.641 

 

Depending on the support electrolyte type, the energy 

consumptions for NaCl, KCl, NaNO3, and Na2SO4 were 

calculated at 3.10 kW-h/m3, 3.18 kW-h/m3, 4.79 kW-h/m3, 

and 4.94 kW-h/m3, respectively. Because of an increase  

in the electrical conductivity of the solution, low energy 

consumption results from a reduction in the potential 

difference applied at a constant current [89]. NaCl has  

the lowest energy requirement compared with other salts 

due to its high solubility and effective ionisation in 

solution. When choosing the electrolyte type, it is 

important to consider the indirect removal efficiency of 

pollutants, ionisation, the ability to minimise the potential 

difference, behaviour to reduce energy consumption, and 

other factors. The electrochemical treatment of wastewater 

requires high ionic strength to give enough solution 

conductivity. As seen in Fig. 17 (b). for certain 

concentrations of 2.5 mM, 5.0 mM, 7.5 mM, and 10 mM 

NaCl, energy consumption values may be reported  

as follows: 4.21 kW-h/m3, 3.10 kW-h/m3, 2.96 kW-h/m3, 

and 2.60 kW-h/m3, respectively. The electrical conductivity  

of the solution increased with an increase in electrolyte 

concentration, and as a result, the electrolytic cell voltage 

required to maintain a constant current decreased. As seen 

in Fig. 17 (c). the highest amount of energy used per m3 of 

wastewater is as follows: natural pH (≈7.5) > pH 3.0 > pH 

9.0 > pH 5.0 > pH 11.00 for initial pH values. Because  

a high conductivity of the medium is necessary for reduced 

energy consumption. This is because HNO3 and NaOH 

added to the synthetic dye solution at constant current 

density (0.44 mA/cm2) increase the wastewater's 

conductivity, and the conductivity increase reduces  

the potential difference. The quantity of oxidants (active 

chlorine and •OH) produced at the anode is controlled  

by the current density, a crucial variable in the AO process. 

The two key operational factors affecting process cost  

are applied current and voltage. The voltage supplied  

to the system increases as the current density increase, and 

as the voltage rises, so does energy consumption. As seen 

in Fig. 17 (d). according to the current densities of 

0.44 mA/cm2, 0.89 mA/cm2, 1.33 mA/cm2, and 1.78 mA/cm2, 

the effects of which were examined, the energy consumption 

was calculated at 3.10 kW-h/m3, 8.183 kW-h/m3, 16.20 kW-h/m3, 

and 25.767 kW-h/m3, respectively. Consequently, the increase 

in current density leads to a considerable rise in energy 

consumption. Since it takes longer for the system to reach 

equilibrium, oxidation of organic substances in the 

environment takes longer at low current densities, but there 

is a decrease in energy use. Energy consumption also rises 

while the reaction time is sped up at greater current 

densities. It is crucial to consider both the value with the 

highest removal rate and the current density with the 

lowest energy usage when selecting the optimum current 

density. As seen in Fig. 17 (e). energy consumption based 

on initial dye concentration was found to be 2.71 kW-h/m3, 

2.83 kW-h/m3, 3.10 kW-h/m3, 5.20 kW-h/m3, and  

6.73 kW-h/m3 for 50 mg/L, 100 mg/L, 250 mg/L,  

500 mg/L, and 1000 mg/L in 60 min electrolysis time.  

The energy consumption in the electrooxidation process 

tended to increase as the dye concentration decreased.  

The electrooxidation process with the lowest energy 

consumption consisted of the one that used a dye 

concentration of 1000 mg/L. Related to this, it can be 

explained as the decrease in conductivity of the solution 

with decreasing dye concentration. The system's resistance 

increases due to the decreased concentration since it 

decreases the pollutants in the wastewater per unit volume. 

The increased system resistance reduces electrical 

conduction and increases direct and indirect oxidation 

energy requirements. When Fig. 17 (f). is examined, 

energy consumption in the run operated at 55 °C was  

the lowest with 2.50 kW-h/m³. It was obtained as 2.79 kW-h/m³ 

for 40°C, 2.93 kW-h/m³ for 30°C, 3.10 kW-h/m³ for 20°C 

and 3.52 kW-h/m³ for 10 ˚C. Because when temperature 

increases, pollutants are more likely adsorption to the 

anode surface for direct oxidation, and resistance is reduced. 

Water becomes more fluid as the temperature rises,  

and the electric current supplied into the system promotes  

the production of intermediate agents that promote indirect 

electrooxidation for the degradation of pollutants is 

another advantageous consequence. 
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Fig. 17: Energy consumption; (a) Support electrolyte type, (b) Support electrolyte concentration, (c) initial Ph, (d) current  density, 

(e) Dye concentration, (f) temperature 

 

CONCLUSIONS 

Electrochemical oxidation is an effective process for dye 

removal, and high removal efficiencies have been obtained 

predominantly from indirect oxidation. In summary, better 

and more affordable technology for degrading organic 

pollutants can only be possible with excellent knowledge  

of the variables affecting the electrooxidation process. 

Firstly, the use of different types of support electrolytes 

(NaCl, KCl, NaNO3, and Na2SO4) was investigated in this 

study. In terms of dye removal efficiency and energy 

consumption, the high dye removal efficiency (92.79%)  

was obtained in the study using NaCl with the least energy 

consumption (3.10 kW-h/m3). After determining the supporting 

electrolyte type, the highest dye removal efficiency was found 

to be 98.87% in the study with a concentration of 

10 mM NaCl. Increasing the amount of supporting 

electrolytes resulted in a decrease in energy consumption. 

Although the oxidation of ARV-3RN in an acidic medium 

(pH=3.0 (99.67%) and (pH=5.0 (98.14%)) and natural pH 

(≈7.5 (92.79%) was efficient and high, ARV-3RN removal 

was severely negatively affected by the basic pH values 

(pH=9.0 (69%) and pH=11 (62.97%)). Significant 
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degradation of the synthetic dye ranging between 92.79% 

and 99.34% was accomplished at all current densities 

(0.44 mA/cm2, 0.89 mA/cm2, 1.33 mA/cm2, and 1.78 mA/cm2) 

applied in this study. However, since it is evaluated in terms 

of energy consumption, increasing the current density from 

0.44 mA/cm2 to 1.78 mA/cm2 dramatically increased the 

energy consumption from 3.1kW-h/m3 to 25.76 kW-h/m3. 

Examining how the initial dye concentration affects the 

electrochemical oxidation process is crucial because 

industrial effluents often have a varying concentration 

range. It can be the statement that both the removal 

efficiency and the rate constant of the ARV-3RN dye were 

negatively impacted by increasing the initial dye 

concentration. The temperature increase promotes faster 

deterioration and less energy consumption because  

it generally increases the mass transfer process due to 

decreased solution viscosity with increasing temperature.  
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