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ABSTRACT

The discharge of urban wastewater to receiving bodies represents a growing environmental
threat in cities such as Mollendo, Peru, where the absence of a treatment plant has caused the
discharge of untreated effluents into the sea, causing a serious ecological impact. Therefore, the
objective of this study is to evaluate the influence of voltage and pH on the electrocoagulation
process for the removal of Chemical Oxygen Demand (COD), whose initial concentration is
approximately 670 mgL™. A system of 5 L batch reactors with iron electrodes was used, which
presented fast removal kinetics, achieving a 94.4% reduction of COD in only 20 minutes under
optimal conditions (pH 7.5 and 7 V) complying with local regulations. The rate constant around
0.1204 mint indicates a high level of accuracy of the mathematical model. In addition, the
operating cost was estimated at 0.3919 USD/Kg COD which corresponds to energy
consumption of 0.363 USD/Kg COD. These results demonstrate the potential of
electrocoagulation as an effective, economical and sustainable alternative to mitigate water
pollution in coastal urban environments.

Keywords: electrocoagulation, pH, removal, time, voltage, wastewater.

Efeito da voltagem e do pH no processo de eletrocoagulacao para
remocao da demanda quimica de oxigénio em aguas residuais de
Mollendo, Peru

RESUMO

O descarte de aguas residuais urbanas em corpos receptores representa uma ameaca
ambiental crescente em cidades como Mollendo, no Peru, onde a auséncia de uma estagéo de
tratamento causa um sério impacto ecoldgico na regido. Portanto, o objetivo deste estudo é
avaliar a influéncia da voltagem e do pH no processo de eletrocoagulagédo para a remocéo da
demanda quimica de oxigénio (DQO), cuja concentragdo inicial é de aproximadamente
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670 mg L. Foi utilizado um reator em batelada de 5 L com eletrodos de ferro. O sistema
apresentou uma cinética de remocao rapida, alcancando uma reducéo de 94,4% da DQO em
apenas 20 minutos sob condigOes ideais (pH 7,5 e 7 V), em conformidade com os limites
maximos permitidos estabelecidos na regulamentagio. A constante de taxa de k~0,1204 min™
e um coeficiente de determinacgdo de R2 = 0,998 indicam um alto nivel de precisdo do modelo
matematico. Além disso, o custo operacional foi estimado em US$0,324 por Kg DQO para um
consumo de energia de US$0,24 por Kg DQO. Esses resultados demonstram o potencial da
eletrocoagulacdo como uma alternativa eficaz, econdmica e sustentavel para mitigar a poluicéo
da 4gua em ambientes urbanos costeiros.

Palavras-chave: aguas residuais, eletrocoagulacao, pH, remocao, tempo, voltagem.

1. INTRODUCTION

The discharge of domestic and industrial wastewater without any type of treatment into
receiving bodies such as bays, lakes, and marine areas generates harmful effects that impact the
health and development of all living beings, causing deterioration in the quality of water, air,
and soil due to its content of heavy metals, domestic and industrial waste, petroleum products,
fats, fertilizers, pesticides, and excess organic matter (Adou et al., 2022) endangering the
sustainability of natural resources and the health of nearby populations (Cuadros Segura et al.,
2021).

The city of Mollendo, located on the coast of Arequipa, Peru, with an approximate
population of 30,000 inhabitants, faces a serious environmental problem due to the direct
discharge of untreated wastewater into the sea, lacking an urban wastewater treatment plant.
This causes the accumulation of organic matter, nutrients, metals and pathogenic
microorganisms in the marine ecosystem, resulting in the degradation of water quality, loss of
biodiversity and harm to aquatic species of economic and food importance. Furthermore, human
exposure to contaminated water increases the risk of waterborne diseases such as
gastroenteritis, skin infections and parasitic infections, generating direct impacts on public
health and economic activities (Musa Yahaya et al., 2023). In this context, there is an urgent
need to evaluate efficient, cost-effective and locally applicable treatment technologies.

Electrocoagulation (EC) is currently considered an emerging technology in wastewater
treatment and has proven effective in effluent treatment. This process also generates
electrodeposition (Costa et al., 2022); electroflotation (Hacha et al., 2019); electrooxidation
(Valenzuela et al., 2025) and electro-disinfection (Hakizimana et al., 2017c).

This treatment has proven to be an effective option for removing various organic and
inorganic contaminants from wastewater (Ahmad et al., 2022; Dede Sagsoz et al., 2022). This
process stands out to be more economical than other treatment methods, such as advanced
oxidation or filtration (Alam et al., 2021; Ensano et al., 2017).

In EC, an electric current is applied through an array of electrodes, usually made of
aluminum (Al) or iron (Fe) (Hakizimana et al., 2017a) to destabilize and remove suspended,
emulsified, or dissolved contaminants from wastewater (Garomsa et al., 2024). While Al
electrodes have demonstrated good adsorption capacity in various treatment scenarios,
numerous studies have reported that Fe electrodes achieve superior removal efficiencies,
particularly organic compounds in highly contaminated effluents (Takdastan et al., 2014; Zhao
et al., 2014). This improved performance is mainly attributed to the in-situ generation of ferric
ions and iron hydroxides, which are highly reactive and facilitate coagulation, flotation, and
sedimentation mechanisms. In addition, Fe electrodes offer significant advantages in terms of
cost, and availability. Their shorter hydraulic retention times while maintaining high removal
efficiency. While Fe is more prone to corrosion than other electrode materials, this limitation is
generally offset by its lower cost and superior performance. Compared with Al, copper, or
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stainless steel, Fe electrodes consistently demonstrate greater efficacy in treating wastewater
with high concentrations of heavy metals and organic contaminants (Bani-Melhem et al., 2023).

Coagulants are generated on the electrodes due to the redox reaction, releasing metal
hydroxides, where the metal anodes oxidize and produce cations (Al-Qodah et al., 2025;
Shahedi et al., 2023). Therefore, the ions in these particles are neutralized and agglomerate
more easily, forming sediments. The resulting reaction is a redox process, involving oxidation
at the anode, which releases metal ions, and a reduction reaction at the cathode terminals,
producing hydrogen gas (Farhan Abbass et al., 2024) (Olajire, 2020). As shown in the following
oxidation-reduction reactions (Moneer et al., 2012):

Under alkaline conditions, iron electrodes undergo oxidation, forming ferric hydroxide
along various reactions.

Anode: Fei) « Feag? + 2¢°
Cathode: 2H20() + 26" & Hag) + 20H@q)
In general: Fe(s) + 2H20() & Fe(OH)2) + Hag)
On the other hand, in an acidic medium, the oxidation of iron follows other mechanisms.
Anode: 4Fes) « 4Fepq?t + 8¢
Precipitation: 4Feg@g>* +10H20¢) + 1002(q) < 4Fe(OH)s3(q) + 8H(g)"
Cathode: 8Hg)t+ + 86" & 4H(g
In general: 4Fe(q®" +10H20¢) + 1002 < 4Fe(OH)s() + 4Hz()

The batch reactor allows for process study and variable control. The area surrounding the
electrodes is defined as the reaction area, where particles charge destabilization, coagulation,
and sedimentation occurs (EIl-Taweel et al., 2023).

For this reason, the variables studied in this process are voltage, pH, and time, to determine
its effectiveness in the removal of contaminants (Hakizimana et al., 2017b; Tenodi et al., 2024).
Voltage is necessary for the formation of stabilizing agents that neutralize contaminants. pH
influences the metal solubility process to form hydroxide. In several studies, it is observed that
the pH varies depending on the type of electrodes considering the distance and the initial pH of
the water to be treated during the CE process (Mao et al., 2023). The pH increases in acidic
wastewater, an effect attributed to the generation of molecular hydrogen at the cathode.
Conversely, in alkaline wastewater, the pH decreases (Asefaw et al., 2024). The longer the EC
treatment time, generally the greater contaminant removal is obtained. However, there is a
trade-off point, as excessively long treatment durations do not lead to significant improvements
(Gonzales Paredes et al., 2020).

Additionally, in the electrocoagulation process, other operating parameters, particularly
the use of supporting electrolytes such as sodium carbonate (Na.COs), sodium bicarbonate
(NaHCQO:s), sodium chloride (NaCl) or calcium chloride (CaClz), can play a critical role in
improving system performance. These salts are typically added to low electrical conductivity
wastewater, thus facilitating more efficient coagulant generation at the electrodes (Govindan et
al., 2020; Liu et al., 2023b; Tchamango et al., 2021). EC generates, the removal efficiency of
organic matter, microplastics, dyes and phosphates, therefore impacting on the physicochemical
characteristics of the wastewater and the optimization of operating conditions (Bakshi et al.,
2020; Hu et al., 2023; Subair et al., 2024). However, the use of certain electrolytes, such as
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sodium chloride, should be evaluated, since its ions can promote the formation of chlorinated
products. While these compounds possess effective disinfectant properties against
thermotolerant coliforms, they can also be toxic, corrosive and environmentally persistent.
(Ndjomgoue-Yossa et al, 2022). Furthermore, chloride ions accelerate the corrosion rate of iron
electrodes, leading to shorter electrode life, increased sludge production, and higher operating
costs. COD measures the number of substances that can be chemically oxidized. It is used to
assess the degree of pollution and is expressed in milligrams of diatomic oxygen per liter (mg
L) (Ruiz et al., 2019). Therefore, the objective of this research was to analyze the effect of
voltage and pH parameters on the performance of the CE reactor for the reduction of oxidizable
matter, measured as COD, in wastewater from the Mollendo sewage system. This study
proposes CE as a viable alternative for the treatment of urban wastewater discharged in coastal
areas, optimizing critical operating parameters to maximize organic matter removal and
minimize operating costs.

2. MATERIAL AND METHODS

2.1. Area and sample collection

The wastewater samples were collected in the city of Mollendo, located in Arequipa, Peru.
Two monitoring points were established at the locations where the effluent is discharged into
the sea, with the following coordinates: 18K, 0817292E - 8114990N at 66 m.a.s.l. and 18K,
0817760E - 8114499N at 38 m.a.s.l. The samples were composite, collected from combined
monitoring points. A final volume of 150 L was obtained from both points. The sampling was
carried out in accordance with the local regulations. The samples were preserved at 4°C during
transport.

2.2. Chemical analysis

The COD analysis was conducted using the closed reflux colorimetric method EPA
(APHA et al., 2023) with the TECHCOMP S1010/S1020 spectrophotometer. For this, all
reagents, such as potassium dichromate, were of analytical grade provided by Merck. The tests
were performed in the analytical chemistry laboratory of the Department of Chemistry at the
National University of San Agustin of Arequipa.

2.3. Electrocoagulation batch reactor setup

The reactor was constructed of acrylic material in the shape of a parallelepiped, with
dimensions of 19 cm high, 20 cm long and 17.8 cm wide, and a capacity of 5 L. Iron electrodes
were used, divided into 3 anodes and 3 cathodes. Each electrode had a thickness of 0.1 cm, a
contact area of 12.0 cm x 14.0 cm (equivalent to 0.0168 m2) and a total surface area of 17.8 cm
x 14.0 cm (equivalent to 0.0249 m?). The system was powered by a variable voltage direct
current (DC) source, with an output capacity of up to 120 A and a range of 0-90 V. The
electrical connection was made using 2/0 AWG copper cables, screws and conductive rods,
ensuring efficient transmission of energy to the electrodes (Figure 1).

Figure 1. Schematic Diagram of the Cell.
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2.4. Quality control

The analytical data quality was guaranteed through the implementation of laboratory
quality and control methods. Method accuracy and quality control were verified by triplicate
analysis of proficiency testing material.

2.5. Experimental procedure

For each experimental run, 2.5 L of the sample was used, following 15 minutes
homogenization, with factors voltage (5, 6, and 7 V) and pH (6.5, 7, and 7.5) were tested, with
a distance between electrodes of 2 cm, at ambient temperature (18°C). COD samples were taken
every 5 minutes up to a limit time of 90 minutes. The response variable is the percentage of
removal of oxidizable matter, estimated as the percentage of COD removal (%COD) (Equation
1).

%COD = (CODi — COD)/CODi * 100 1)

Where: CODi and COD represent the initial and final concentrations of oxidizable matter
(mg/L), respectively.

In this way, the effect of the operational variables: electrical potential (V) and pH on the
COD removed over the residence time is determined.

2.6. Statistical Analysis.

A factorial design was conducted to determine the significance of the factors and their
levels. Additionally, the effect of the factors on the removal of oxidizable matter was studied,
and a mathematical model was established to relate the investigated factors. Statgraphics
Centurion 18-X64 software was used to perform statistical analysis.

2.7. Evaluation of removal kinetics

To analyze the kinetics of contaminant removal (COD), the residual concentration will be
monitored at different times during the batch process (initiated in 5 to 5 and finalized in 30
minutes), and the COD concentration will be determined at each point (Equation 2).

|n(§—:) = kt )

Where Cq is the initial concentration of COD, C: is the concentration at time t, and k is the
removal rate constant.

2.8. Operational cost

Estimating the costs associated with domestic wastewater treatment processes generally
involves a variety of factors, such as electricity consumption, sludge disposal, labor, and
equipment use, among others (Elazzouzi et al., 2017).

However, in non-conventional processes such as laboratory scale electrocoagulation, the
factors that have the greatest influence on operating costs are the electrode material and
electrical energy consumption (Patel et al., 2024).

In this case, the total operating cost is defined as the sum of the energy consumption cost
and the electrode consumption cost, according to Equation 3.

Operating cost of EC = A. Ceiectroge + B- Cenergy C)

Where Cenergy and Celectrode represent the consumption per kilogram of treated water, while
A corresponds to the cost of iron metal (0.245 USD/kg Fe) and B is the cost of electrical energy
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(0.1366 USD/kWh).

These costs are determined by Equations 4 and 5, respectively.

kWh _ UXIXTgc
Cenergy( kg COD) - VXCiXRe (4)
kg Fe . _ IxTgcx My
Celectrodo (kgCOD) T OXFX VXCiXRe (5)

Where U is the voltage (V), | is the current (A), Tec is the operation time (h), V is the
volume of wastewater (m?), Ci is the initial COD concentration (kg/m?), Re is the COD removal
efficiency, Mw is the molecular mass of the metal (g/mol), n is the number of moles (mol) and
F is the Faraday constant (96487C/mol).

3. RESULTS AND DISCUSSION

3.1. Effluent characterization

The initial characteristics of the wastewater were: pH 7 £ 0.02; temperature 26 + 2 °C;
conductivity 3.6 + 0.2 mS/cm; turbidity 137.3 + 5.0 NTU; oils and greases 61 + 3 mg/L;
suspended solids 329 + 5 mg/L; thermotolerant coliforms 94x10% MPN/100 mL; biochemical
oxygen demand (BOD) 325 + 5mg/L; and COD 670 + 5 mg/L. These values significantly
exceed, by more than 95% local regulations of Peruvian Maximum Permissible Limits (MPL)
for effluent discharge into receiving bodies, according to Supreme Decree No. 003-2010-
MINAM.

3.2. Effect of voltage and pH

To investigate the effect of voltage and pH on COD removal in wastewater,
electrocoagulation was carried out using different voltages (5, 6, and 7 V) and pH levels (6.5,
7.0, and 7.5) over a period of 90 minutes (Figure 2). Our results revealed that at 5, 10, 20, and
40 minutes, the COD concentration decreased significantly, and after 40 minutes, the COD
remained constant throughout the remainder of the experiment.
In the reaction process at 5 minutes (Figure 3.A), at a pH of 6.5, the COD removal is less than
50%, at pH 7.0, the COD removal ranges from 50-60%, while at pH 7.5 it ranges from 60-90%.
Additionally, at pH 7.5 and 7 VV, COD removal reached 88.42%. This is attributed to the voltage,
which promotes the generation of ferrous ions that react with water to form hydroxides during
the initial phase. During this time, the flocs are small and less dense (Gonder et al., 2017; Jiang
et al., 2019). Additionally, during these first few minutes, hydrogen gas bubbles are formed at
the cathode due to the dissolution of the metal (Liu et al., 2023a). As the operation time is
increased to 10 minutes (Figure 3.B), a greater generation of coagulants occurs, which interact
with oxidizable matters. At this time, it is observed that at a pH of 6.5, the removal increased
between 50-75%, at pH 7.0 it increased to 75-85%, and at pH 7.5, it ranged from 85-95%. At
pH7.5-7.0V, a COD removal of 90.28% is achieved. For 20 minutes of reaction (Figure 3.C),
at pH 6.5, the COD removal presents a range of 75-85%, at pH 7.0, it ranges from 85-95%,
while at pH 7.5, it ranges from 90-95%. At this stage, the process is operating at its optimal
performance (Boinpally et al., 2023; Chow and Pham, 2021) this allows for a balance in the EC
process (Abfertiawan et al., 2024). AtpH 7.5 7.0 V, a COD removal of 94.39% is achieved,
indicating a 4% increase after 10 minutes of reaction.
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Figure 2. COD removal as a function of time and
voltage (5, 6, and 7 V) in the electrochemical
treatment of wastewater at different pH levels. A)
pH 7.50, B) pH 7.00, and C) pH 6.50.
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During the 40 minutes of the process, a 95% COD removal efficiency is achieved for all
treatments. At this stage, system saturation begins due to the accumulation of inhibitors
deposited on the surface of the counterelectrode (cathode), limiting the flow of electric current
(Othmani et al., 2022; Safari et al., 2016). Furthermore, the working electrode (anode)
continues to be consumed and shows accumulation of oxidized products due to the lack of an
adequate system (Khan et al., 2023; Sher et al., 2020; Syam Babu et al., 2021), this increases
electrical resistance and energy consumption (Abed Al-Rubaye et al., 2024). Therefore, only a
2% increase (96.86% removal of COD) is observed during the reaction period from 20 to 40
minutes for pH 7.5-7.0 V.

Figure 4 compares the Peruvian regulation with the COD results over time (5, 10, 20, and
40 min.) in the process. The regulation establishes a COD concentration of 200 mg L to ensure
the protection of aquatic ecosystems and guarantee that the discharge does not affect the water
quality in the receiving.

e ] (A | 2225V EEEEcV e v

[ E5vEEs=evEsaTv

INILI (B)

COD concentration (mg/L)
COD concentration (mg/L)

Time 5 min Time 10 min

| 5V oV B TV e | (Q) [E=sveE=evEmmTV LMP (D)

COD concentration (mg/L)
COD concentration (mg/L)

Figure 4. LMP compliance based on COD concentration mg/L, A) COD concentration
at 5 min. of the process, B) COD concentration at 10 min. of the process, C) COD
concentration at 20 min. of the process, D) COD concentration at 40 min. of the process.

At 5 minutes (Figure 4.A), at pH 7.5 with voltages of 6 and 7 V, the COD concentrations
were 148.83 mg L' and 77.60 mg L', respectively, which fall within the regulation limits.
However, at 5 V, the concentration exceeded the regulation with a value of 244.71 mg L. For
pH 6.5 and 7.0, the values exceeded the regulation limits. At 10 minutes (Figure 4.B), at pH 6.5
with voltages of 5V and 6V, the concentrations were 318.91 mg L' and 212.27 mg L™,
respectively, exceeding the maximum permissible limits (LMP). At the same pH with 7.0 V,
the COD concentration was within the LMP, with a result of 189.14 mg L™". On the other hand,
at pH 7.0 and 7.5, the concentrations met the LMP, with the minimum concentration of 65.09
mg L"at7 Vand pH 7.5, showing a reduction of 12.51 mg L™ compared to the first 5 minutes.
Both at 20 minutes (Figure 4.C) and 40 minutes (Figure 4.D), the values remained within the
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LMP, so a treatment time of 20 minutes is optimal to meet the regulation for wastewater
treatment.

3.3. Statistical Analysis
3.3.1. Factorial Analysis

The results of the factorial analysis for COD removal, where the effects of voltage (A), pH
(B), and their interactions on the efficiency of the electrocoagulation process are evaluated.

The p-values indicate the statistical significance of 95% of each factor. In this case, both
voltage (A) and pH (B) have a significant impact on COD removal, with p-values of 0.0102
and 0.0010, respectively, as they are below the common threshold of 0.05. The interaction
between voltage and pH (AB) is also significant (p = 0.0257), indicating that these factors do
not act independently, but rather their combination influences the efficiency of the process.

On the other hand, the quadratic interaction of voltage (AA) is not significant (p = 0.7562),
suggesting that voltage itself does not have a relevant quadratic effect on COD removal. The
quadratic interaction of pH (BB) shows a p-value of 0.0526, which is close to the significance
threshold, indicating a possible marginal influence.

The low value of the total error (1.53856) compared to the total sum of squares (348.104)
supports the robustness of the model. Therefore, the alternative hypothesis is supported,
suggesting that the specific combination of pH and voltage directly influences the efficiency of
COD removal.

3.3.2. Regression Model

The regression model used to predict COD removal is represented in Figure 5, showing
the relationship between pH and voltage. Low values of pH (<6.8) and voltage (<5.5V) result
in low removal efficiency (<81.2%). As pH and voltage increase, COD removal improves,
reaching its optimal point at pH 7.5 and voltage 6.5-7.0 V with an efficiency of 96-98%. Lower
values are not recommended, as they reduce contaminant removal.

(A) Estimated Response Surface

%COD REMOVAL
. 74.0
. 76.4
78.8
[ 81.2
[0 83.6
86.0
[ 884
1 90.8
=3 93.2
. 95.6
. 98.0

%COD REMOVAL

75 %COD REMOVAL
73+

7af

pH

6.9 -

6.7

6.5 -

VOLTAGE

Figure 5. (A) Estimated response surface and (B) contour plot
illustrating the influence of voltage and pH on COD removal
efficiency. The surfaces were obtained from the fitted quadratic
model (Equation 6).
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The mathematical model that represents the removal of %COD is (Equation 6):
%COD =-779.884 + 42.4317*V + 196.76*pH - 0.298333*V? - 5.13*V*pH - 10.9333*pH? (6)

An R? of 98.67% and an adjusted R? of 96.46% were obtained, indicating that the model
can explain that percentage of the variation in COD removal. It can predict removal based on
the mentioned factors and fits the experimental data well.

3.4. Final Characterization of the Effluent

The results demonstrate a significant improvement in the quality of the wastewater treated
through electrocoagulation. The pH was 8, temperature 28°C, and conductivity 4.0 mS/cm. A
notable reduction in turbidity was achieved, reaching a value of 39.1 NTU, indicating a lower
presence of suspended particles. Additionally, the concentration of oils and fats decreased to
5.63 mg/L, meeting the limits established by Peruvian regulations.

Regarding suspended solids, they were reduced to 4.2 mg/L, showing high efficiency in
the removal of suspended materials. Furthermore, the Biochemical Oxygen Demand (BOD)
decreased from 325 mg/L to 24 mg/L, while the COD reduced from 670 mg/L to 38 mg/L,
reflecting the effective removal of contaminating organic matter.

A key aspect of the treatment was the near-total elimination of thermotolerant coliforms,
with values lower than 1.8 MPN/100 mL, ensuring a significant microbiological improvement
in the treated water.

3.5. Evaluation of removal kinetics

The kinetic analysis demonstrated high efficiency in the removal of COD. As shown in
Figure 2, the evolution of COD removal over time showed an exponentially decreasing trend.

The experimental data were fitted to the first order kinetic model with high agreement,
yielding a coefficient of determination of (R2) obtained was 0.998, confirming the robustness
of the fit with a calculated rate constant of k=~0.1204 min-1, which implies that approximately
12% of the remaining COD is removed per minute. This value reflects rapid reaction kinetics,
especially in the first minutes of the process.

After 5 minutes of treatment, 88.42% removal was achieved, increasing to 90.28% at 10
minutes and 94.39% at 20 minutes, representing a substantial decrease in the organic load in a
short period of time.

As the treatment progresses, the removal rate tends to stabilize, reaching a cumulative
removal of 96.86% at 40 minutes, indicating sustained process efficiency, albeit with a
progressive decrease in the elimination rate.

3.6. Operating cost

Operating costs were estimated in this study considering the associated energy costs and
iron electrode consumption, determined using Equations 3, 4, and 5 in Section 2.8, based on
the optimal values for voltage, pH, and operating time obtained experimentally.

For the treatment of 5 L of sample, the energy consumption was 2.951 kWh/kg COD,
which represents a cost of 0.363 USD/kg COD, considering a market price of 0.132 USD/kWh.
Iron electrode consumption was 0.122 kg Fe/kg COD, equivalent to a cost of 0.028 USD/kg
COD, based on a reference price of 0.237 USD per electrode sheet.

The total estimated cost for the treatment was 0.3919 USD/kg COD, with approximately
92.85% corresponding to energy consumption and 7.15% to electrode consumption.
Consistently, (Bani-Melhem et al., 2023) pointed out that the total cost of electrocoagulation
can be substantially reduced by optimizing operating conditions and exploring different
electrode characteristics, highlighting the importance of pilot and laboratory scale testing before
its large scale application for wastewater treatment. The efficiency obtained in this work,
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combined with the low operating cost, reinforces the economic viability of the process under
optimal conditions and its potential as an efficient and competitive alternative for wastewater
treatment.

4. CONCLUSIONS

This study aimed to remove oxidizable matter from domestic wastewater using an
electrocoagulation process with iron electrodes in a batch system. After evaluating COD
removal under different operating conditions, a COD removal efficiency of 94.39% was
achieved, with an operating cost of 0.3919 USD/Kg COD and an energy consumption of 0.363
USD/Kg COD at pH 7.5, a voltage of 7 V, and a treatment time of 20 minutes, complying with
the Maximum Permissible Limits established for treated effluents in Peru.

The kinetic behavior of the EC process was evaluated at different times (5, 10, 15, 20 and
30 minutes) with a rate constant of k=~0.1204 min-1 showing a rapid reaction rate during the
initial stages, obtaining a progressive stabilization after 40 minutes, it was identified that higher
pH and voltage values generate a greater removal of oxidizable material, which is favorable in
the production of coagulant species and in the dynamics of the electrochemical reactions
involved.

The results obtained support the efficiency and viability of the electrocoagulation process
for wastewater treatment in coastal areas, positioning it as an ecologically and economically
competitive alternative to conventional technologies.

5. DATA AVAILABILITY STATEMENT
Data availability not informed.
6. CONFLICT OF INTEREST

The authors declare no conflicts of interest; the founders had no role in the study design,
data collection, analysis, or interpretation; in the writing of the manuscript; or in the decision
to publish the results.

7. ACKNOWLEDGMENTS

The authors wish to thank Universidad Nacional de San Agustin de Arequipa. This
research was funded by Universidad Nacional de San Agustin de Arequipa. Financing Contract
N° IBA-1B-32-2020-UNSA

8. REFERENCES

ABED AL-RUBAYE, S. F.; ALHABOUBI, N. A.; AL-ALLAQ, A. H. Factors Affecting
Electrocoagulation Process for Different Water Types: A review. Al-Khwarizmi
Engineering Journal, V. 20, n. 1, p. 17-32, 2024.
https://doi.org/10.22153/KEJ.2024.10.001

ABFERTIAWAN, M. S.; SYAFILA, M.; HANDAJANI, M.; HASAN, F.; OKTAVIANI, H;;
GUNAWAN, F. et al. Batch Electrocoagulation Process for the Removal of High
Colloidal Clay from Open-Cast Coal Mine Water Using Al and Fe Electrodes. Mine
Water and the Environment, v. 43, n. 3, p. 516-528, 2024.
https://doi.org/10.1007/S10230-024-01004-1

BN Rev. Ambient. Agua vol. 20, €3077 - Taubaté 2025
IPABHt


https://doi.org/10.22153/KEJ.2024.10.001
https://doi.org/10.1007/S10230-024-01004-1

12 Maria Ofelia Guillén Zevallos et al.

ADOU, K. E.; KOUAKOU, A. R.; EHOUMAN, A. D.; TYAGI, R. D.; DROGUI, P
ADOUBY, K. Coupling anaerobic digestion process and electrocoagulation using iron
and aluminium electrodes for slaughterhouse wastewater treatment. Scientific African,
v. 16, p. e01238, 2022. https://doi.org/10.1016/J.SCIAF.2022.E01238

AHMAD, A.; PRIYADARSHINI, M.; DAS, S.; GHANGREKAR, M. M. Electrocoagulation
as an efficacious technology for the treatment of wastewater containing active
pharmaceutical compounds: a review. Separation Science and Technology, v. 57, n. 8,
p. 1234-1256, 2022. https://doi.org/10.1080/01496395.2021.1972011.

ALAM, R.; SHEOB, M.; SAEED, B.; KHAN, S. U.; SHIRINKAR, M.; FRONTISTIS, Z. et
al. Use of electrocoagulation for treatment of pharmaceutical compounds in
water/wastewater: A review exploring opportunities and challenges. Water, v. 13, n. 15,
2021. https://doi.org/10.3390/W13152105

AL-QODAH, Z.; AL-SHANNAG, M.; HUDAIB, B.; BANI-SALAMEH, W.; SHAWAGFEH,
A.; ASSIREY, E. Synergy and enhanced performance of combined continuous treatment
processes of pre-chemical coagulation (CC), solar-powered electrocoagulation (SAEC),
and post-adsorption for Dairy wastewater. Case Studies in Chemical and
Environmental Engineering, V. 11, p. 101183, 2025.
https://doi.org/10.1016/J.CSCEE.2025.101183

APHA: AWWA:; WEF. Standard Methods for the examination of water and wastewater.
24nd ed. Washington, 2023. 1624 p.

ASEFAW, K. T.; BIDIRA, F.; DESTA, W. M.; ASAITHAMBI, P. Investigation on pulsed-
electrocoagulation process for the treatment of wet coffee processing wastewater using
an aluminum electrode. Sustainable Chemistry for the Environment, v. 6, p. 100085,
2024. https://doi.org/10.1016/J.SCENV.2024.100085

BAKSHI, A.; VERMA, A. K.; DASH, A. K. Electrocoagulation for removal of phosphate from
aqueous solution: Statistical modeling and techno-economic study. Journal of Cleaner
Production, v. 246, 2020. https://doi.org/10.1016/J.JCLEPR0O.2019.118988

BANI-MELHEM, K.; AL-KILANI, M. R.; BANI-MELHEM, K.; AL-KILANI, M. R. A
comparison between iron and mild steel electrodes for the treatment of highly loaded grey
water using an electrocoagulation technique. Arabian Journal of Chemistry, v. 16, n.
10, 2023. https://doi.org/10.1016/J.ARABJC.2023.105199

BANI-MELHEM, K.; AL-KILANI, M. R.; TAWALBEH, M. Evaluation of scrap metallic
waste electrode materials for the application in electrocoagulation treatment of
wastewater. Chemosphere, V. 310, p. 136668, 2023.
https://doi.org/10.1016/J. CHEMOSPHERE.2022.136668

BOINPALLY, S.; KOLLA, A.; KAINTHOLA, J.; KODALLI, R.; VEMURI, J. A state-of-the-
art review of the electrocoagulation technology for wastewater treatment. Water Cycle,
v. 4, p. 26-36, 2023. https://doi.org/10.1016/J.WATCYC.2023.01.001

CHOW, H.; PHAM, A. Le T. Mitigating Electrode Fouling in Electrocoagulation by Means of
Polarity Reversal: The Effects of Electrode Type, Current Density, and Polarity Reversal
Frequency. Water Research, V. 197, 2021.
https://doi.org/10.1016/J. WATRES.2021.117074

Rev. Ambient. Agua vol. 20, e3077 - Taubaté 2025 AN
IPABHt?


https://doi.org/10.1016/J.SCIAF.2022.E01238
https://doi.org/10.3390/W13152105
https://doi.org/10.1016/J.CSCEE.2025.101183
https://doi.org/10.1016/J.SCENV.2024.100085
https://doi.org/10.1016/J.JCLEPRO.2019.118988
https://doi.org/10.1016/J.ARABJC.2023.105199
https://doi.org/10.1016/J.CHEMOSPHERE.2022.136668
https://doi.org/10.1016/J.WATCYC.2023.01.001
https://doi.org/10.1016/J.WATRES.2021.117074

Effect of voltage and pH on the ... 13

COSTA, J. G. dos Reis Da; COSTA, J. M.; ALMEIDA NETO, A. F. De. Progress on
Electrodeposition of Metals and Alloys Using lonic Liquids as Electrolytes. Metals, v.
12, n. 12, 2022. https://doi.org/10.3390/MET 12122095

CUADROS SEGURA, F. D.; MOYANO SALCEDO, A. J.; PABON LAVERDE, A. M;
TRUJILLO ARIAS, J. V. Impacto ambiental del vertimiento de aguas servidas en
aglomerados urbanos ilegales del municipio de Villavicencio, Colombia. Tecnura, v. 25,
n. 68, p. 43-62, 2021. https://doi.org/10.14483/22487638.16273

DEDE SAGSOZ, Y.; YILMAZ, A. E.; EKMEKYAPAR TORUN, F.; KOCADAGISTAN, B.;
KUL, S. The Investigation of COD Treatment and Energy Consumption of Urban
Wastewater by a Continuous Electrocoagulation System. Journal of Electrochemical
Science and  Technology, v. 13, n. 2, p. 261-268, 2022.
https://doi.org/10.33961/JECST.2021.00647

ELAZZOUZI, M.; HABOUBI, Kh; ELYOUBI, M. S. Electrocoagulation flocculation as a low-
cost process for pollutants removal from urban wastewater. Chemical Engineering
Research and Design, V. 117, p. 614-626, 2017.
https://doi.org/10.1016/J.CHERD.2016.11.011

EL-TAWEEL, R. M. et al. A review of coagulation explaining its definition, mechanism,
coagulant types, and optimization models; RSM, and ANN. Current Research in Green
and Sustainable Chemistry, V. 6, p. 100358, 2023.
https://doi.org/10.1016/J.CRGSC.2023.100358

ENSANO, B. M. B.; BOREA, L.; NADDEO, V.; BELGIORNO, V.; DE LUNA, M. D. G;;
BALLESTEROS, F. C. Removal of pharmaceuticals from wastewater by intermittent
electrocoagulation. Water, v. 9, n. 2, 2017. https://doi.org/10.3390/W9020085

FARHAN ABBASS, R.; AMOOEY, A. A.; YASIR ALJABERI, F. Electrocoagulation removal
of COD and TDS from real municipal wastewater sourced from the Euphrates River using
multipole arrangement. Results in  Chemistry, v. 9, p. 101613, 2024.
https://doi.org/10.1016/J.RECHEM.2024.101613

GAROMSA, F. S.; BERHANU, Y. M.; DESTA, W. M.; BIDIRA, F. Indigenous bio-coagulant
assisted electrocoagulation process for the removal of contaminants from brewery
wastewater: Performance evaluation and response surface methodology optimization.
Heliyon, v. 10, n. 22, p. e40394, 2024. https://doi.org/10.1016/J.HELIYON.2024.E40394

GONDER, Z. B.; BALCIOGLU, G.; VERGILIL 1.; KAYA, Y. Electrochemical treatment of
carwash wastewater using Fe and Al electrode: Techno-economic analysis and sludge
characterization. Journal of Environmental Management, v. 200, p. 380-390, 2017.
https://doi.org/10.1016/J.JENVMAN.2017.06.005

GONZALES PAREDES, E. E.; MALCA YOPLA, M. N.; FARFAN CHILICAUS, G. C;
LICAPA REDOLFO, G. S. Influencia del amperaje y tiempo de residencia sobre la
remocion de metales pesados en aguas acidas por electrocoagulacion. REVISTA
PERSPECTIVA, V. 20, n. 4, p. 433-440, 2020.
https://doi.org/10.33198/RP.VV2012.00056

GOVINDAN, K.; ANGELIN, A.; KALPANA, M.; RANGARAJAN, M.; SHANKAR, P.;
JANG, A. Electrocoagulants Characteristics and Application of Electrocoagulation for
Micropollutant Removal and Transformation Mechanism. ACS Applied Materials and
Interfaces, v. 12, n. 1, p. 1775-1788, 2020. https://doi.org/10.1021/ACSAMI.9B16559

BN Rev. Ambient. Agua vol. 20, €3077 - Taubaté 2025
IPABHt


https://doi.org/10.3390/MET12122095
https://doi.org/10.14483/22487638.16273
https://doi.org/10.33961/JECST.2021.00647
https://doi.org/10.1016/J.CHERD.2016.11.011
https://doi.org/10.1016/J.CRGSC.2023.100358
https://doi.org/10.3390/W9020085
https://doi.org/10.1016/J.RECHEM.2024.101613
https://doi.org/10.1016/J.HELIYON.2024.E40394
https://doi.org/10.1016/J.JENVMAN.2017.06.005
https://doi.org/10.33198/RP.V20I2.00056
https://doi.org/10.1021/ACSAMI.9B16559

14 Maria Ofelia Guillén Zevallos et al.

HACHA, R.R.; MERMA, A. G.; COUTO, H. J. B.; TOREM, M. L. Measurement and analysis
of H2 and O2 bubbles diameter produced by electroflotation processes in a modified
Partridge-Smith  cell. Powder Technology, v. 342, p. 308-320, 2019.
https://doi.org/10.1016/J.POWTEC.2018.09.062

HAKIZIMANA, J. N.; GOURICH, B.; CHAFI, M.; STIRIBA, Y.; VIAL, C.; DROGUI, P,;
NAJA, J. Electrocoagulation process in water treatment: A review of electrocoagulation
modeling approaches. Desalination, V. 404, p. 1-21, 2017a.
https://doi.org/10.1016/J.DESAL.2016.10.011

HAKIZIMANA, J. N.; GOURICH, B.; CHAFI, M.; STIRIBA, Y.; VIAL, C.; DROGUI, P. et
al. Electrocoagulation process in water treatment: A review of electrocoagulation
modeling approaches. Desalination, V. 404, p. 1-21, 2017b.
https://doi.org/10.1016/J.DESAL.2016.10.011

HAKIZIMANA, J. N.; NAJID, N.; GOURICH, B.; VIAL, C.; STIRIBA, Y.; NAJA, J. Hybrid
electrocoagulation/electroflotation/electrodisinfection process as a pretreatment for
seawater desalination. Chemical Engineering Science, v. 170, p. 530-541, 2017c.
https://doi.org/10.1016/J.CES.2017.04.029

HU, Y.; ZHOU, L.; ZHU, J.; GAO, J. Efficient removal of polyamide particles from wastewater
by electrocoagulation. Journal of Water Process Engineering, v. 51, p. 103417, 2023.
https://doi.org/10.1016/J.JWPE.2022.103417

JIANG, W. M.; CHEN, Y. M.; LIU, Y. Performance Investigation of an Electrocoagulation
Reactor with Electrodes’ Polarity Crossly Oriented in Emulsified Oil Separation. Energy
& Fuels, V. 33, n. 9, p. 90149022, 2019.
https://doi.org/10.1021/ACS.ENERGYFUELS.9B02133

KHAN, S. U.; KHALID, M.; HASHIM, K.; JAMADI, M. H.;, MOUSAZADEH, M
BASHEER, F.; FAROOQI, I. H. Efficacy of Electrocoagulation Treatment for the
Abatement of Heavy Metals: An Overview of Critical Processing Factors, Kinetic Models
and Cost Analysis. Sustainability, v. 15, n. 2, p. 1708, 2023.
https://doi.org/10.3390/SU15021708

LIU, F.; ZHANG, C,; LI, H.; OFFIONG, N. A. O.; BI, Y.; ZHOU, R.; REN, H. A systematic
review of electrocoagulation technology applied for microplastics removal in aquatic
environment. Chemical Engineering Journal, v. 456, p. 141078, 2023a.
https://doi.org/10.1016/J.CEJ.2022.141078

LIU, Y.; LU, M. Y.; BAOQ, J,; SHAO, L. X,; YU, W. J.; HU, X. M.; ZHAO, X. Periodically
reversing electrocoagulation technique for efficient removal of short-chain perfluoroalkyl
substances from contaminated groundwater around a fluorochemical facility.
Chemosphere, V. 334, p. 138953, 2023b.
https://doi.org/10.1016/J.CHEMOSPHERE.2023.138953

MAO, Y.; ZHAO, Y.; COTTERILL, S. Examining Current and Future Applications of
Electrocoagulation in Wastewater Treatment. Water, v. 15, n. 8, p. 1455, 2023.
https://doi.org/10.3390/W15081455

MONEER, A.; NEMR, A. El; MONEER, A. A. Electro-Coagulation for Textile Dyes Removal.
Nova Science Publishers, p. 161-204, 2012.

Rev. Ambient. Agua vol. 20, e3077 - Taubaté 2025 AN
IPABHt?


https://doi.org/10.1016/J.POWTEC.2018.09.062
https://doi.org/10.1016/J.DESAL.2016.10.011
https://doi.org/10.1016/J.DESAL.2016.10.011
https://doi.org/10.1016/J.CES.2017.04.029
https://doi.org/10.1016/J.JWPE.2022.103417
https://doi.org/10.1021/ACS.ENERGYFUELS.9B02133
https://doi.org/10.3390/SU15021708
https://doi.org/10.1016/J.CEJ.2022.141078
https://doi.org/10.1016/J.CHEMOSPHERE.2023.138953
https://doi.org/10.3390/W15081455

Effect of voltage and pH on the ... 15

MUSA YAHAYA, S.; AHMAD MAHMUD, A.; ABDU, N. The use of wastewater for
irrigation: Pros and cons for human health in developing countries. Total Environment
Research Themes, V. 6, p. 100044, 2023.
https://doi.org/10.1016/J. TOTERT.2023.100044

NDJOMGOUE-YOSSA, A. C.; NANSEU-NIJIKI, C. P.; NGAMENI, E. Effect of pH on
Escherichia coli Removal by Electrocoagulation and Elimination Kinetics after
Treatment. Journal of Chemistry, v. 2022, 2022. https://doi.org/10.1155/2022/5249368

OLAJIRE, A. A. Recent advances on the treatment technology of oil and gas produced water
for sustainable energy industry-mechanistic aspects and process chemistry perspectives.
Chemical Engineering Journal Advances, V. 4, 2020.
https://doi.org/10.1016/j.ceja.2020.100049

OTHMANI, A. et al. A comprehensive review on green perspectives of electrocoagulation
integrated with advanced processes for effective pollutants removal from water
environment.  Environmental Research, v. 215, p. 114294, 2022.
https://doi.org/10.1016/J.ENVRES.2022.114294

PATEL, S. R.; PATHAN, M.; NAYAK, M. G.; PARIKH, S. P.; RAJARAMAN, T. S;;
AMBEGAONKAR, N. J.; TRIVEDI, J. B. Energy efficient electrocoagulation using
brass electrode for simultaneous nickel and chromium removal from synthetic
wastewater: Cost and parametric evaluation. Results in Engineering, v. 22, p. 102361,
2024. https://doi.org/10.1016/J.RINENG.2024.102361

RUIZ, J. C. A.; BARRIOS, J. S.; CANATE, Y. C. Elementos fisico-quimicos contaminantes
presentes en el arroyo Cafafistula del municipio de Polonuevo, Atlantico. Revista
NODO, v. 12, n. 24, p. 60-73, 2019. https://doi.org/10.54104/nodo.v12n24.147

SAFARI, S.; AZADI AGHDAM, M.; KARIMINIA, H. R. Electrocoagulation for COD and
diesel removal from oily wastewater. International Journal of Environmental Science
and Technology, v. 13, n. 1, p. 231-242, 2016. https://doi.org/10.1007/S13762-015-
0863-5

SHAHEDI, A.; DARBAN, A. K.; JAMSHIDI-ZANJANI, A.; HOMAEE, M. An overview of
the application of electrocoagulation for mine wastewater treatment. Environmental
Monitoring and  Assessment, v. 195 n. 4, p. 1-31, 2023
https://doi.org/10.1007/S10661-023-11044-9

SHER, F.; HANIF, K.; IQBAL, S. Z.; IMRAN, M. Implications of advanced wastewater
treatment: Electrocoagulation and electroflocculation of effluent discharged from a
wastewater treatment plant. Journal of Water Process Engineering, v. 33, 2020.
https://doi.org/10.1016/J.JWPE.2019.101101

SUBAIR, A. et al. Evaluating the performance of electrocoagulation system in the removal of
polystyrene microplastics from water. Environmental Research, v. 243, p. 117887,
2024. https://doi.org/10.1016/J.ENVRES.2023.117887

SYAM BABU, D.; VIUAY, K.; NIDHEESH, P. V.; SURESH KUMAR, M. Performance of
continuous aerated iron electrocoagulation process for arsenite removal from simulated
groundwater and management of arsenic-iron sludge. Sustainable Energy Technologies
and Assessments, v. 47, 2021. https://doi.org/10.1016/J.SETA.2021.101476

BN Rev. Ambient. Agua vol. 20, €3077 - Taubaté 2025
IPABHt


https://doi.org/10.1016/J.TOTERT.2023.100044
https://doi.org/10.1155/2022/5249368
https://doi.org/10.1016/j.ceja.2020.100049
https://doi.org/10.1016/J.ENVRES.2022.114294
https://doi.org/10.1016/J.RINENG.2024.102361
https://doi.org/10.54104/nodo.v12n24.147
https://doi.org/10.1007/S13762-015-0863-5
https://doi.org/10.1007/S13762-015-0863-5
https://doi.org/10.1007/S10661-023-11044-9
https://doi.org/10.1016/J.JWPE.2019.101101
https://doi.org/10.1016/J.ENVRES.2023.117887
https://doi.org/10.1016/J.SETA.2021.101476

16 Maria Ofelia Guillén Zevallos et al.

TAKDASTAN, A.; TABAR, S. E.; NEISI, A.; ESLAMI, A. Fluoride Removal From Drinking
Water by Electrocoagulation Using Iron and Aluminum Electrodes. Jundishapur
Journal of Health Sciences, v. 6, n. 3, 2014. https://doi.org/10.5812/JJHS.21718

TCHAMANGDO, S. R.; WANDJI NGAYO, K.; BELIBI BELIBI, P. D.; NKOUAM, F.;
NGASSOUM, M. B. Treatment of a dairy effluent by classical electrocoagulation and
indirect electrocoagulation with aluminum electrodes. Separation Science and
Technology, V. 56, n. 6, p. 1128-1139, 2021.
https://doi.org/10.1080/01496395.2020.1748889

TENODI, K. Z.; TENODI, S.; NIKIC, J.; MOHORA, E.; AGBABA, J.; RONCEVIC, S.
Optimizing arsenic removal from groundwater using continuous flow electrocoagulation
with iron and aluminum electrodes: An experimental and modeling approach. Journal of
Water Process Engineering, V. 66, p. 106082, 2024.
https://doi.org/10.1016/J.JWPE.2024.106082

VALENZUELA, L.; VILLAJOS, B.; MESA MEDINA, S.; FARALDOS, M. An Overview of
the Advantages of Combining Photo- and Electrooxidation Processes in Actual
Wastewater ~ Treatment.  Catalysts, v. 15, n. 1, p. 14, 2025.
https://doi.org/10.3390/CATAL15010014

ZHAO, Y. X. et al. Coagulation and sludge recovery using titanium tetrachloride as coagulant
for real water treatment: A comparison against traditional aluminum and iron salts.
Separation and Purification Technology, v. 130, p. 19-27, 2014.
https://doi.org/10.1016/J.SEPPUR.2014.04.015

Rev. Ambient. Agua vol. 20, e3077 - Taubaté 2025 AN
IPABHt?


https://doi.org/10.5812/JJHS.21718
https://doi.org/10.1080/01496395.2020.1748889
https://doi.org/10.1016/J.JWPE.2024.106082
https://doi.org/10.3390/CATAL15010014
https://doi.org/10.1016/J.SEPPUR.2014.04.015

