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Abstract
The importance of this work lies in the application of a combined electrocoagulation/electro-Fenton (EC/EF) treatment 
for carwash wastewater, offering a cost-effective and efficient remediation approach. During electro-coagulation (EC), 
experiments were carried out in a cylindrical cell containing 450 mL of carwash wastewater. This process promotes the 
formation of Fe (OH)n (n = 2 or 3) as coagulants, along with Fe3+/Fe2+ ions acting as catalysts. The effects of key 
operating parameters, including applied current, electrode material (Fe and Al), and initial pH, were evaluated, and both 
COD removal and energy consumption were assessed. In the EF stage, comparative trials were performed in stirred reac-
tors equipped with a Pt anode and a carbon-felt cathode under O₂ bubbling to generate H₂O₂ at the cathode. The hydroxyl 
radicals produced at the anode surface through water oxidation and in the bulk solution via Fenton’s reagent (Fe2⁺/H₂O₂) 
promote the oxidative degradation of organic contaminants. The effects of the supporting electrolyte, applied current and 
the catalytic activity were investigated to optimize electro-Fenton efficiency. Under optimal EC conditions (I = 1 A, Fe 
electrode, pH = 5.7), 76.58% COD removal was achieved with an energy consumption of 0.987 kWh·m⁻3. Nearly complete 
COD removal (97.8%) was obtained using the combined process, where residual organics after EC were removed during 
electro-Fenton treatment at 0.3 A for 360 min.
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Introduction

Water recycling offers an important opportunity to address 
increasing water demands driven by population growth 
and expanding agricultural and industrial activities. Car-
wash operations consume large volumes of water and 
generate effluents containing a wide range of pollutants. 
Carwash wastewater discharge in Tunisia is not specifi-
cally documented in national reports, but such effluents fall 
under the country’s general wastewater regulations, which 
require proper treatment before release into the environ-
ment. In practice, large commercial carwash facilities are 
usually connected to the municipal sewer network oper-
ated by ONAS, often with basic pre-treatment steps such 
as oil and sediment separation, while some installations 
incorporate on-site recycling systems to reduce discharge 
volumes. However, smaller or informal carwash opera-
tions may lack adequate infrastructure and can discharge 
untreated wastewater into storm drains or onto surround-
ing soils. These practices occur within a broader context 
of national challenges in wastewater management, where 
insufficient treatment and unregulated discharges contribute 
to environmental pollution. Globally, water consumption in 
the carwash sector is significant: washing a car in a com-
mercial facility requires about 150 L of water (Tamiazzo 
et al. 2015), while washing trucks or buses uses 400–600 
L (Almeida et al. 2010). An empirical study in São Paulo 
estimated that the industry consumes more than 1.3 million 
gallons of freshwater per day (Almeida et al. 2010). Nev-
ertheless, in Kuwait, daily usage is reported to be roughly 
twice as high (Al-Odwani et al. 2007). Worse still, carwash 
wastewater typically contains contaminants such as oils 
and grease, detergents and surfactants, degreasers, volatile 
organic and sulfur compounds, various nitrogen- and phos-
phorus-based species, plasticizers, brake dust from rubber 
linings, and several heavy metals (Kiran et al. 2015, Bolu-
arte et al 2016. Several processes such as chemical oxida-
tion (Bhatti et al. 2011), membrane separation (Boussu et 
al. 2007; Lau et al. 2013; Kiran et al. 2015), and electro-
coagulation (EC) (Afshin et al. 2011) have been reported 
to be useful in treating carwash wastewater. Electrocoagu-
lation (EC) is a conventional physico-chemical treatment 
based on the in situ release of metallic cations through the 
dissolution of sacrificial anodes. These cations act as active 
coagulant precursors, as their hydrolysis leads to the for-
mation of insoluble polymeric metal hydroxides. Iron and 
aluminum are the most commonly used electrode materials 
due to their low cost and the high valence of their ionic spe-
cies. The main reactions involved in the formation of these 
metal hydroxides are summarized in the following reactions 
(Thiam et al. 2014). At the cathode, the predominant reac-
tion is hydrogen evolution (Panizza and Cerizola, 2010).

Al(s) → Al3+
(aq) + 3e−� (R. 1)

Fe(s) → Fe2+
(aq) + 2e−� (R. 2)

Al3+
(aq) + 3H2O → Al (OH)3(s) + 3H+

(aq)� (R. 3)

4 Fe2+
(aq) + 10 H2O + O2(g) → 4 Fe (OH)3(s) + 8 H+

(aq)� (R. 4)

2 H2O + 2 e− → H2 + 2 OH−� (R. 5)

Among recent advanced treatment technologies, the electro-
Fenton (EF) process has gained significant attention due to 
its effectiveness in treating various real industrial effluents, 
including slaughterhouse wastewater (Paramo-Vargas et al., 
2015), textile dyeing effluents (Ghambari et Moradi, 2015), 
and winery wastewater (Díez et al. 2017). In the EF process, 
highly reactive hydroxyl radicals are generated through the 
combination of Fenton’s reaction (R.6) and electrochemical 
mechanisms. The Fenton reagents, H₂O₂ and Fe2⁺, are con-
tinuously produced and regenerated, respectively. Specifi-
cally, H₂O₂ is formed in situ by the two-electron reduction 
of oxygen at the cathode (R.7). At the same time, ferrous 
ions are regenerated through the electrochemical reduction 
of ferric ions at the cathode (R. 8).

Fe2+ + H2O2 → Fe3+ + •OH + OH−� (R. 6)

O2 + 2 H
+

+ 2 e
−

→ H2O2� (R. 7)

Fe3+ + e− → Fe2+� (R. 8)

Electrochemical treatments have been applied to a wide 
range of wastewater types, including textile effluents 
(Khouni et al. 2020; Agarwal et al. 2024), dye-manufac-
turing wastewater (Ustun 2021), mixed industrial effluents 
and synthetic systems designed to target specific micropol-
lutants such as tetracycline (Zhou et al. 2024). While these 
studies highlight the strong potential of EC–EF systems, 
recent reviews (García-Segura and Brillas, 2017) underline 
persistent challenges, including high energy demand, pH 
sensitivity, limited sludge/iron optimization, and the need 
to extend applications to more complex real wastewater 
matrices. Moreover, EC or EF processes applied individu-
ally to carwash, oily, or industrial wastewaters typically 
require longer treatment times and/or higher energy input 
to reach high COD removal efficiencies (Mousazadeh et 
al. 2024) To overcome the limitations of these researches 
performed based on single-step treatments, this study is the 
first to investigate a two-step electrochemical treatment, 
electrocoagulation (EC) followed by electro-Fenton (EF), 
for real carwash effluent. To the best of our knowledge, no 
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previous work has focused on carwash wastewater, which 
contains a unique and under-studied mixture of oils, sur-
factants, detergents, suspended solids, and hydrocarbons. 
Here, a purposefully optimized sequential EC/EF process 
is applied, with systematic evaluation of electrode mate-
rial, current density, pH, electrolyte effects, and catalytic 
performance to develop an energy-efficient treatment for 
this complex wastewater. In this approach, EC serves a dual 
role as both an effective pre-treatment and a catalyst source, 
generating Fe (OH)n (n = 2 or 3) coagulants and releasing 
Fe3⁺/Fe2⁺ ions (Thiam et al. 2014). Overall, the aim is to 
enhance coagulation of the high organic load during EC pre-
treatment and achieve near-complete mineralization during 
EF post-treatment, while minimizing energy consumption. 
The influence of key operating parameters on COD removal 
and energy demand was examined in detail.

Materials and methods

Sample collection

The wastewater used in this study was collected from a car-
wash station located in Gabes (Tunisia), and its characteris-
tics are presented in Table 1.

Electrochemical treatment

The two-step electrochemical treatment is illustrated in 
Fig. 1.

Electro-coagulation cell

The electro coagulation cell consisted of a cylindrical Pyrex 
reactor containing 450 mL of carwash wastewater. The elec-
trode pair, made of either iron or aluminum, consisted of 
plates with dimensions of 10 cm × 5 cm × 0.25 cm and an 
immersed length of 6 cm. The electrodes were positioned 
in parallel with an inter-electrode distance of 4 cm and con-
nected to a power supply. Electrolysis was performed using 
the natural conductivity and pH of the wastewater, without 
any supporting electrolyte (Labiadh et al. 2016), at room 
temperature and under constant applied currents ranging 
from 0.2 to 2 A (Fig. 1).

Electro-Fenton cell

At the end of electro-coagulation, the solution was centri-
fuged for 30  min at 5000  rpm to remove the precipitate, 
and 230 mL of the resulting supernatant was transferred to 
an electrolytic cell stirred with a magnetic bar. The anode 
consisted of a cylindrical platinum (Pt) electrode, sur-
rounded by a carbon felt piece (12 cm × 4 cm × 0.5 cm) lin-
ing the internal wall of the cell, which served as the cathode. 
Before electrolysis, the pH of the solution was adjusted to 3 
using H₂SO₄ (Scharlau Chemie S.A.), and the solution was 
bubbled with compressed air for approximately 10 min to 
achieve oxygen saturation for in situ H₂O₂ generation at the 
cathode. FeSO₄ was added as a catalyst at a concentration 
of 0.1 mM (Fig. 1).

Each electrolysis was repeated at least twice, with differ-
ences in COD values below 5% in most cases.

Analytical methods

Conductivity and pH were measured using a C830 multi-
parameter analyzer. Throughout the experiments, samples 
were periodically collected and analyzed. Chemical oxygen 
demand (COD) was determined using a Shimadzu 1650 
UV–Vis spectrophotometer at λ = 600 nm.

The specific energy consumption per unit volume (EC in 
KWh.m−3) was calculated using Eq. 1.

Ec = U × I × t

3600 × V
� (1)

Table 1  Carwash wastewater characteristics
Parameter value
COD (mg O2/L) 800
pH 5,7
Suspended matter (g/L) 2,65
Dry matter (g/L) 26
Dry matter (g/L) 26
Conductivity (mS/cm) 4,2
Phosphate (mg/L) 6,8–9,5

Fig. 1  Schematic representation of the combined EC/EF treatment
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removal with increasing applied current can be attributed to 
the Fe dissolution rate and the formation of iron hydroxides 

Fe (OH)2+, Fe (OH)+
2 , Fe (OH)3, Fe (OH)−

4 , which are 
rapidly removed from the solution as amorphous precipitates 
(Isarain-Chavez et al., 2014). However, further increasing 
the current from 1 to 2 A leads to high energy consumption 
without significantly improving COD removal, resulting 
primarily in excessive iron anode dissolution.

Figure 3 illustrates the evolution of energy consumption 
at different applied currents during electro-coagulation of 
the effluent. In all cases, energy consumption increases with 
current linearly at low COD removal and exponentially 
at high COD removal. This trend can be explained by the 
successive formation of reaction products, which increases 
energy demand. It also indicates that oxidation occurs at 
current intensities higher than the minimum required to 
oxidize the effluent’s organic content (Panizza et al., 2010). 
Considering both COD removal efficiency and energy con-
sumption, an applied current of 1 A is sufficient to effec-
tively reduce the wastewater COD.

Some studies have shown that the differing performance 
of iron and aluminum anodes in wastewater treatment can 
be attributed to their varying abilities to enhance charge 
neutralization (Thiam et al. 2014). The COD removal pro-
files obtained during EC trials are shown in Fig. 4.

Figure 4.a shows that COD removal is consistently higher 
with iron electrodes than with aluminum under the same 
experimental conditions. This can be explained by the dis-
solution of Fe2⁺ ions, which promotes coagulation through 
the formation of iron hydroxides, facilitating flocculation 
and trapping of organic matter. In contrast, COD removal 
with aluminum anodes reached only 45.8%, compared to 
76.58% with iron, due to the lower adsorption capacity 

where U is the average cell voltage (V), I the current (A), 
t the electrolysis time (s) and V the volume of the treated 
solution (dm3).

The COD abatement rate was computed based on Eq. 2.

%COD = COD0 − CODt

COD0
× 100� (2)

where COD0 and CODt are the experimental values at ini-
tial time and time t, respectively.

The concentration of Fe2⁺ was determined using the spec-
trophotometric method with 1,10-phenanthroline, which 
forms a stable orange–red complex with Fe2⁺. The absor-
bance was measured at λ = 510 nm and the Fe2⁺ concentra-
tion is determined from a calibration curve.

Results and discussion

Carwash wastewater treatment by Electro-
coagulation

The applied current is a key parameter in the electro-coag-
ulation process, as it regulates the generation of reactive 
species responsible for oxidizing persistent organic matter 
in the solution. Currents between 0.2 and 2 A were applied 
to investigate this effect by electrolyzing 450 mL of car-
wash wastewater using Fe/Fe as the anode/cathode pair, 
without added supporting electrolyte, at the natural pH of 
5.7. The pH was continuously monitored because OH⁻ ions 
generated at the cathode could be partially neutralized by 
H⁺ formed during R.4, resulting in a tendency for pH to 
increase (Thiam et al. 2014). The obtained results are illus-
trated in Fig. 2. As seen in this Figure, the enhanced COD 

Fig. 3  Evolution of the specific energy consumption versus COD deg-
radation during the EC of carwash wastewater using Iron Electrodes at 
different applied current

 

Fig. 2  Effect of applied current on COD abatement during the EC of 
carwash wastewater using Iron Electrodes
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et al. 2014) and their importance in the formation of iron 
hydroxides. Accordingly, its effect was investigated over a 
pH of 3–8.

In real carwash effluents, pH-dependent iron transforma-
tions interact with additional matrix factors, such as colloi-
dal stability, surfactant chemistry, and ionic strength, which 
collectively influence the efficiency of EC. Anionic surfac-
tants and detergent-derived micelles stabilize oily colloids 
and dispersed solids, often shielding organic matter from 
direct electrochemical oxidation (Khan et al. 2015). Dur-
ing the EC process, as shown in Fig. 5, the COD removal 
is slower and less significant at pH 3 (Fernandes et al. 
2014). Near neutral pH (pH ≈ 5.7), the formation of iron-
based flocs (e.g., Fe (OH)2 and Fe (OH)3) more effectively 
destabilizes these colloidal structures, thereby enhancing 
coagulation and co-adsorption processes (Mollah et al. 
2004). Similarly, the relatively high ionic strength charac-
teristic of carwash wastewater compresses the electrical 
double layer, promoting particle aggregation and improving 
floc–pollutant interactions (Gregory 2006). These synergis-
tic effects help explain why operation at natural pH condi-
tions (pH = 5.7) results in the most rapid and pronounced 
COD reduction. At pH 8, iron solubility increases due to the 
formation of soluble hydroxo-complexes (e.g., Fe(OH)₄⁻), 
leading to a reduced COD removal rate (Cheng et al. 2016). 
At even higher alkaline pH values, COD abatement becomes 
slower, likely owing to diminished formation of amorphous 
iron precipitates. To optimize both treatment efficiency and 
operational cost, subsequent EC experiments will therefore 
be conducted at an initial pH of 5.7. Under these conditions, 
favorable Fe(II)/Fe(III) cycling, robust floc formation, and 
enhanced destabilization of surfactant-stabilized colloids 
are achieved, ultimately improving COD removal.

Carwash wastewater treatment by the combined EC/ 
EF process

After 30 min of EC treatment, 76.58% COD removal was 
achieved, beyond which no significant further reduction 
was observed, underscoring the need for EF post-treatment. 
Accordingly, the combined EC/EF process was performed. 
Figure 6 shows the COD abatement trends observed after the 
combined EC/EF treatment of carwash wastewater. Actu-
ally, the solution was first pretreated by EC (Fe/Fe, 30 min, 
1A, pH 5.7).The samples were then centrifuged, and the res-
idue was treated by EF at pH 3, chosen as the optimal value 
for the process (Sun and Pignatello 1993; Sirés and Brillas 
2017), using carbon felt as the cathode and platinum as the 
anode. Prior to EF application, the total iron concentration 
was measured to be 0.9 mM, which falls within the optimal 
range (≈0.1–1 mM) for effective EF treatment (Brialls et al., 

of Fe (OH)3. Additionally, carwash wastewater contains 
agents that inhibit aluminum surfaces, slowing coagulation 
of colloidal matter and reducing therefore electro-coagu-
lation efficiency. As seen in Fig. 4.b, energy consumption 
increases linearly at low COD removal but rises sharply at 
higher abatement levels. For instance, achieving 76.58% 
COD removal with iron electrodes required 0.987 kWh·m⁻3, 
whereas aluminum electrodes consumed 0.92 kWh·m⁻3 to 
reach only 45.8% COD removal under the same conditions. 
These results indicate that using iron electrodes as sacri-
ficial anodes provides high COD removal efficiency with 
relatively low energy consumption, not only due to superior 
coagulation performance but also because of their potential 
catalytic properties in subsequent coupling with Electro-
Fenton processes.

It is well known that the EC process depends on the solu-
tion pH, due to the wide range of equilibria involved (Thiam 

Fig. 5  Effect of pH on COD degradation by EC during carwash waste-
water treatment at different pH values (I = 1A, Electrodes: Fe/Fe)

 

Fig. 4  a Effect of electrodes on COD degradation by EC during car-
wash wastewater treatment (I = 1A). b Energy consumption versus 
COD degradation by EC during carwash wastewater treatment (I = 1A)
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(R.9) (Clematis et al. 2016). These results suggest that the 
inorganic ions naturally present in the effluent provide suf-
ficient conductivity to reduce ohmic potential and govern 
the oxidation rate.

2SO2−
4 → S2O2−

8 + 2H+ + 2e−� (R. 9)

The applied current is a key parameter governing both 
the efficiency and the operational cost of Electrochemical 
Advanced Oxidation Processes (EAOPs). It directly affects 
the formation of hydroxyl radicals (Brillas et al. 2009; Bar-
houmi et al 2016; and Ammar et al. 2015), the regeneration 
rate of Fe2⁺, and thus the overall oxidation capacity of the 
EF system. The influence of current density was evaluated 
at 0.1, 0.2, 0.3, and 0.5 A. As shown in Fig. 7, the highest 
COD removal rate was obtained at 0.3 A, where the excess 
charge in the electrochemical cell promotes the electrogene-
ration of hydroxyl radicals, achieving 97.8% COD removal 
after 360 min (6 h) of treatment. It should also be noted that 
increasing the current from 0.3 A to 0.5 A leads to a pro-
gressive enhancement of parasitic reactions, such as water 
formation from hydrogen evolution (R.10 and R.11), which 
consumes electrons and reduces the production of hydroxyl 
radicals. Consequently, the process efficiency decreases at 
higher current intensities. Increasing the current intensity 
above 0.3 A does not lead to a further improvement in COD 
removal but instead causes an excessive dissolution of the 
iron electrode (Panizza and Cerisola 2010). Therefore, con-
sidering the removal efficiency and electrode stability, 0.3 A 
is selected as the optimal current density for the EF process.

O2 + 4H+ + 4e− → 2H2O� (R. 10)

2H+ + 2e− → H2� (R. 11)

The final parameter investigated in the EF process was the 
presence of a catalyst and its impact on COD degradation 
in carwash wastewater. In EF systems, the catalyst is essen-
tial for activating the Fenton reaction. Accordingly, two 
experiments were conducted, with and without the addition 
of ferrous sulfate (FeSO4, 7H2O), at pH 3.0, previously 
reported as optimal for EF operation.

As shown in Fig.  8, adding an external catalyst does 
not significantly improve treatment performance com-
pared to the catalyst-free condition, despite the exponen-
tial COD decrease observed in both cases. This behaviour 
is primarily governed by the iron concentration in the 
system. During EC pre-treatment, approximately 0.9  mM 
of Fe2⁺ is released within the first 30 min, enabling COD 
removal to reach 76.58%. In contrast, the external addition 
of Fe2+ (as FeSO4, 7H2O) introduces an excess of free 
Fe2+. Although Fe2+ is essential for the Fenton reaction, 

2009). As shown in Fig. 6, the sequential EC–EF treatment 
of carwash wastewater promotes rapid COD removal.

During the second step of the combined EC/EF process, 
the effects of several operating parameters, namely the pres-
ence of a supporting electrolyte, the use of a catalyst, and 
the applied current density, on COD removal from carwash 
wastewater were investigated.

According to the literature review, sodium sulfate 
(Na₂SO₄) is a preferred supporting electrolyte for EF 
due to its low cost and environmental compatibility. To 
evaluate its effect on carwash wastewater treatment, two 
experiments were conducted during the EF process, with 
and without Na₂SO₄. As shown in Fig. 6, the presence of 
Na₂SO₄ has a negligible effect, likely because sulfate ions 
promote secondary reactions such as persulfate formation 

Fig. 7  Effect of applied current density on COD degradation during 
the EF step of the combined EC (Fe/Fe, 30 min, 1A, pH 5,7) / EF (Pt / 
carbon-felt, pH 3.0) process

 

Fig. 6  Influence of supporting electrolyte on COD degradation during 
the EF step of the combined EC (Fe/Fe, 30 min, 1A, pH 5,7) / EF (Pt / 
carbon-felt, 0.3A, pH 3.0) process
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generated in situ during EC enhances EF oxidation more 
efficiently (Isarain-Chavez et al., 2014). Therefore, con-
sidering both treatment performance and operational cost, 
performing EF without external catalyst addition is the pre-
ferred approach for carwash wastewater treatment.

Excess Fe2+ + •OH → Fe3+ + OH−� (R. 12)

Pollutants +• OH → CO2 + H2O� (R. 13)

Figure  9 illustrates the evolution of COD removal and 
energy consumption during the sequential EC–EF treatment 
of carwash wastewater under optimal conditions. The EC 
pretreatment promotes the coagulation of a large fraction of 
organic matter, which can be efficiently removed by elec-
trocoagulation (Panizza and Cerisola 2010). In addition, EC 
releases dissolved iron species that act as catalysts, enabling 
subsequent mineralization during the EF step. A marked 
decrease in COD is observed during the initial stage of elec-
trolysis, reaching 76.58% after 30 min, which can be attrib-
uted to the effective removal of surfactants, oils, and greases 
through their entrapment in the formed flocs. In contrast, 
dissolved organic matter remains in solution and is subse-
quently degraded during the EF process. Energy consump-
tion increases almost linearly with time (R2 = 0.999). Under 
these conditions, the sequential EC/EF process achieves 
higher COD removal with lower energy consumption after 
6 h of treatment. This performance compares favorably with 
similar studies reported in the literature, where electroco-
agulation or electro-Fenton processes applied individually 
to carwash, oily, or industrial wastewaters typically require 
longer treatment times and/or higher energy input to reach 
comparable COD removal efficiencies (Panizza and Cerisola 
2010; Brillas et al. 2009; Ghanbari and Moradi 2015). The 
improved energy efficiency observed in the present study 
can be attributed to the effective removal of hydrophobic 
and colloidal organic matter during the EC pretreatment, 
followed by enhanced mineralization during the EF step, 
thereby reducing the overall energy demand of the process.

The EC process actes as an effective coagulation step, 
initiating the decolorization of the solution. Oxidation by 
hydroxyl radicals generated from Fenton’s reaction in the 
presence of H₂O₂ further accelerates color removal (Garcia-
Segura et al. 2012; Moreira et al. 2013). Sequential treat-
ment demonstrated the capability to gradually mineralize 
organic compounds into inorganic ions and CO₂, achieving 
up to 84.15% color removal, calculated as follows:

Color removal (%) = A0 − At

A0
× 100� (3)

reacting with H₂O₂ to generate hydroxyl radicals (•OH) 
(R.6), an excess of Fe2⁺ promotes the scavenging of •OH 
(R.12), thereby reducing their availability for pollutant oxi-
dation (R.13) and leading to lower mineralization efficiency 
(Loaiza-Ambuludi et al. 2013). Moreover, an imbalance 
in the Fe2+/Fe3+ redox cycle hinders the regeneration of 
Fe2⁺ from Fe3⁺ (R.8), leading to Fe3⁺ accumulation and the 
potential formation of inert precipitates, which further slows 
the catalytic cycle. These combined effects inhibit the EF 
oxidation pathway at high Fe2+ concentrations. This expla-
nation, supported by literature, highlights the importance of 
optimizing iron dosage to maintain efficient radical produc-
tion and sustainable iron cycling. Consequently, elevated 
free-Fe2+ levels can suppress both Fenton reactivity and 
H₂O₂ decomposition. The results demonstrate that Fe2+ 

Fig. 9  Evolution of COD degradation and energy consumption during 
the combined EC (Fe/Fe, 30 min, 1A, natural pH 5.7) / EF (Pt / carbon-
felt, 0.3A, pH 3.0) process

 

Fig.  8  Effect of the catalyst (F eSO4, 7H2O) on COD degradation 
during the EF step of the combined EC (Fe/Fe, 30 min, 1A, pH 5.7) / 
EF (Pt / carbon-felt, 0.3A, pH 3.0) process
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after visible color disappearance. Second, long-duration 
electrolysis allowed evaluation of kinetic behavior, mineral-
ization efficiency, intermediate formation and degradation, 
and electrode stability over extended operation, parameters 
that short-term experiments cannot capture. Additionally, 
maintaining electrolysis up to 360  min provided essential 
information on energy consumption (kWh·m⁻3), specific 
removal rates, and operational reliability, which are critical 
for process optimization, scale-up, and cost–benefit analy-
sis. Finally, extended operation verified that no secondary 
pollution, such as accumulation of partially oxidized inter-
mediates or release of metal ions, occurred. For these rea-
sons, although treatment objectives appeared to be met after 
45 min, continuing electrolysis to 360 min was necessary 

where A0 and At are the absorbance values at the initial 
time and at time t, respectively. UV–Vis spectra, illustrated 
in Fig. 10, show a gradual decrease in the absorbance band at 
289 nm where the initially colored solution becomes nearly 
colorless after 45 min of treatment, confirming the efficiency 
of the combined EC/EF process (Fig. 11). Although signifi-
cant color removal and COD reduction are achieved within 
the first 45 min of electrolysis, the treatment in this section 
was extended to 360 min for several reasons. First, reach-
ing a plateau in color or COD at 45 min does not necessar-
ily indicate complete degradation of all oxidizable species. 
Electrochemical processes, particularly those involving 
indirect oxidation pathways (HO•, H₂O₂, Fe2⁺/Fe3⁺, etc.), can 
continue to degrade intermediate organic compounds long 

Fig. 11  Visual comparison showing the extent of color removal during the combined EC/EF treatment: a raw carwash wastewater, b after EC 
pretreatment, and c after EF mineralization

 

Fig. 10  a UV–Vis spectra change 
during the carwash wastewater 
electrolysis time. b Color removal 
as a percentage versus electrolysis 
time
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