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Application of Electro-Fenton methods in the remediation of the Nexapa River
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Abstract

This research evaluates the effectiveness of the Electro-Fenton (EF) treatment in removing contaminants from water samples
collected from the Nexapa River in Puebla, Mexico. Previous studies in the area reported elevated levels of Chemical Oxygen
Demand (COD), as well as Cr and As levels exceeding the limits set by Mexican Official Standards. A series of EF experiments
were performed in electrolytic cells by varying the applied voltage, treatment time, and HyO, dosage to identify the optimal
conditions for removing contaminants. Optimal operating conditions of 9 V for 5 min with 0.05 mL of HyO, led to a COD
reduction of up to 93.5% and decreases of 62.5% and 93.53% in Cr and As concentrations, respectively. UV-Vis analysis proved
to be a reliable tool for monitoring the progressive elimination of organic compounds, showing a direct relationship with the
COD values. The reductions in total Cr and As levels were determined using atomic absorption spectroscopy (AAS). Gravimetric
analysis established the optimal treatment ratio for [COD]S[F62+]Z[H202] at 1:2.4:0.85 ppm. The experiments were performed
under batch conditions, and the results confirm the efficiency of the EF process for treating contaminated water in this region and
provide a solid preliminary basis for further studies aimed at designing an efficient and sustainable treatment alternative.
Keywords: advanced oxidation processes, electrochemistry, Electro-Fenton, water pollution.

Resumen

Esta investigacion evalia la eficacia del tratamiento Electro-Fenton (EF) para la remocion de contaminantes en muestras de agua
recolectadas del rio Nexapa, en Puebla, México. Estudios previos en la zona reportaron niveles elevados de Demanda Quimica de
Oxigeno, asi como concentraciones de Cr y As que exceden los limites establecidos por las Normas Oficiales Mexicanas. Se llevé
a cabo una serie de experimentos de EF en celdas electroliticas, variando el voltaje, el tiempo de tratamiento y la dosificacion de
H»O,, con el fin de identificar las condiciones Optimas para la remocién de contaminantes. Las condiciones éptimas de operacion
a9 V durante 5 min con 0.05 mL de H>O, permitieron alcanzar una reduccién del DQO del 93.5%, asi como disminuciones del
62.5% y del 93.53% en las concentraciones de Cr y As, respectivamente. Los andlisis por UV-Vis se usaron para monitorear la
eliminacién de compuestos orgdnicos, mostrando una relacién directa con los valores de DQO. La reduccién de los niveles totales
de Cr y As se determiné mediante espectroscopia de absorcion atémica. Un andlisis gravimétrico estableci la relaciéon optima
de tratamiento [DQO]S[F62+]Z[H202] de 1:2.4:0.85 ppm. Los experimentos se llevaron a cabo en condiciones discontinuas, y los
resultados confirman la eficacia del proceso EF para el tratamiento del agua contaminada en esta regioén y proporcionan una base
preliminar sélida para futuros estudios destinados a disefiar una alternativa de tratamiento eficiente y sostenible.
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1 Introduction

It is estimated that between 85% and 90% of
wastewater worldwide is discharged directly into
rivers, lakes, and oceans (World Health Organization
[WHO], 2017). Currently, this problem is a priority on
the global environmental agenda, as its consequences
affect both aquatic ecosystems and public health. In
addition, rapid global population growth has increased
the water demand for agricultural, industrial, and
domestic activities, leading to an unprecedented global
water crisis (United Nations Educational, Scientific
and Cultural Organization [UNESCO], 2015).

Given this alarming situation, it is crucial
to develop sustainable, efficient, and large-scale
wastewater treatment methods that do not compromise
ecosystem integrity or adversely affect the surrounding
communities. The Advanced Oxidation Processes
(AOPs), and particularly the Electro-Fenton (EF)
process (Fenton, 1884), are considered among the
most promising technologies (Vdzquez Romero
et al., 2024; Brillas, Sirés, & Oturan, 2009;
Medrano-Hurtado et al., 2024). In the EF process,
H,O, reacts with ions Fe?* ions in an acidic
medium, generating highly reactive -OH radicals.
The continuous regeneration of Fe’* from Fe3*
ions through redox reactions sustains the catalytic
cycle; while the -OH radicals act as powerful,
non-selective oxidizing species that attack organic
matter, promoting its degradation into intermediate
compounds such as alcohols, carboxylic acids,
and aldehydes. With continued oxidation, these
intermediates are transformed in simple inorganic
compounds such as CO, and H,O. This process is
illustrated in Scheme 1 (Ribeiro & Nunes, 2021;
Ziembowicz & Kida, 2022; Lin et al., 2025).

Fe?* + H,0, » Fe* + OH™ + OH'
RH+ HO' - R + H,0
R + Fe3t — Rt + Fe?t

Fe?* + HO' - Fe3'+ OH™

Scheme 1. Electro-Fenton process, where RH
represents organic matter (Ribeiro & Nunes, 2021).

Among the advantages of this method, it has been
reported that hazardous reagents are not required,
and high contaminant removal efficiencies can be
achieved with a relatively simple, low-cost technology
(Soto-Vazquez et al., 2023; Nidheesh et al., 2023;
Quispe Cardenas et al., 2023). However, to achieve an
efficient process, key operational parameters such as
pH, type, size and distance of electrodes, H;O, dosage
and voltage used, among others, must be selected
according the characteristics of the water sample (Sun

et al,2015). In particular, literature contains numerous
studies on the effect of pH on the efficiency of the EF
process. Most of the studies reported that the optimum
pH of the EF process is around 3 for preventing the
formation and precipitation of Fe(OH)s, at higher pH
values, while for pH values below 3, iron species form
stable complexes with HyO», leading to deactivation of
the catalysts (Nidheesh & Gandhimathi, 2012; Neyens
& Baeyens, 2003).

On the other hand, widespread pollution across
the 18-hydrological region has been documented
in recent decades. This region corresponds to the
Balsas River, located in the Mixteca region of
southern Puebla, Mexico, and is recognized as
one of the most important areas for its biological,
cultural, and economic diversity. The Nexapa River
is located within this region, near the municipality
of Izucar de Matamoros, with approximately 542,000
inhabitants. Currently, environmental degradation has
led to accelerated biodiversity loss, the destruction
of natural habitats, and adverse effects on natural
resource regeneration processes and on the public
health of communities along the river (Silva Gémez
et al., 2002). Recent studies have reported the
presence of emerging contaminants (ECs) and organic
micropollutants (OMPs) in the Nexapa River. Most
of these compounds are not effectively removed by
conventional wastewater treatment systems and act as
endocrine disruptors, mutagens, and even carcinogens,
affecting aquatic organisms and humans. Research
by Navarro et al, has identified at least 398 organic
compounds in this river, including flavorings, food
colorings, ketones, aldehydes, organic acids, and
sulfur compounds. In addition, substances used in the
formulation of industrial solvents, pesticides, products
derived from plastics and chemical industries,
short-chain aromatic hydrocarbons, and chlorinated
phenols (intermediates in pesticide synthesis), as
well as components of cleaning products, cosmetics,
fragrances, sunscreens, and personal hygiene items,
among many others, have been detected (Navarro,
Herrera, Marrugo, Bayona, & Morales, 2014;
Navarro-Frometa et al., 2024). This wide range
of compounds highlights the strong anthropogenic
impact on the Nexapa River, particularly due to the
uncontrolled discharge of domestic and industrial
wastewater. In addition, heavy metals were detected
in 2002, during water quality monitoring conducted
in wells, springs, and surface runoff sites near
the river, which revealed elevated concentrations
of nitrites, Cd, and Pb exceeding the permissible
limits established by the Mexican normativity
(SEMARNAT, 2021; Dominguez-Montero et al.,
2024). The samples taken directly from the river
contained high concentrations of nitrites, methylene
blue active substances, ammoniacal nitrogen, Cd, Cr,
As, and Pb (Silva Gémez et al., 2002). The presence of
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these toxic elements in groundwater sources suggests
the possible infiltration of contaminants from the
river into the aquifer, constituting a direct risk to
the local drinking water supply. This contamination
was attributed to daily human activities, inadequate
solid waste management, extensive agricultural,
livestock, metallurgical, and mining activities, as well
as local tourism, which has expanded without adequate
environmental planning (Olvera Bautista et al., 2021).
These combined factors represent a serious threat to
the health of nearby populations and to crop safety,
as water from the Nexapa River is widely used for
irrigation, leading to the incorporation of contaminants
into soils and agricultural products.

In this study, water samples from the Nexapa
River were treated via the EF process. The results
showed the effective removal of both organic and
inorganic contaminants using accessible materials
and straightforward characterization techniques.
Optimization experiments were conducted in
electrochemical cells by systematically varying key
operational parameters, including the applied voltage,
treatment time, and H,O, dosage. Water quality
was verified using several indicators, including
sedimentable solids, chemical oxygen demand (COD),
UV-Vis absorbance, turbidity, pH, total hardness,
apparent color, expressed as the spectral absorption
coefficient (@), and electrical conductivity. In addition,
total As and Cr concentrations were quantified via
atomic absorption spectroscopy (AAS). Gravimetric
analysis was employed to establish the optimal
treatment ratio among COD, Fe2* ion concentration,
and H,O, dosage. Overall, the results provide a
comprehensive evaluation of the efficiency of the EF
process in removing organic and inorganic matter from
Nexapa River water, representing an initial step toward
the development and implementation of continuous
treatment systems.

2 Methods and materials

2.1 Sampling

For this study, the sampling point was strategically
selected to reflect the direct influence of the
nearest community, known as “La Galarza,” on
the water quality of the river. Five aliquots of
200 mL each were collected over five consecutive
days at the same sampling point, located at the
geographical coordinates 18°40'54.3“ N, 98°26'14.6”
W, as indicated in Figure 1. The individual samples
were characterized separately to highlight variations
between sampling days, and the results are presented
in Table 1. Most parameters remained consistent;
however, notable differences were observed in the
concentrations of nitrates, sulfates, and phosphates.

Telesecundana
Otilio Montafio
«

Figure 1. Geographic location of the sampling point,
marked in blue.

Sampling was conducted in April, based on previous
studies in the area that reported seasonal variations in
the river's physicochemical characteristics, identifying
April as the month with the highest parameter values
due to low rainfall and extreme temperatures (Silva
Gomez et al., 2002). After collection, the samples
were preserved at 5 °C until analysis. Each sample
was analyzed by duplicate to ensure reproducibility,
and the average results were taken for the final
analysis. Finally, the simple collected samples were
homogenized and combined to obtain 1 L of a
composite sample.

2.2 Equipment and solutions

Deionized water was obtained from an ultrapure
water purification system (Barnstead E-Pure’™)
with a conductivity of 18.2 MQ-cm. A 12% (wW/v)
NaCl solution and a 1% (v/v) HNOj solution were
prepared using analytical-grade reagents from J.T.
Baker. H,O; (30% w/w) was obtained from Fermont
and used as received. Solutions of EDTA 0.001 M
were prepared from CjoH4N>Og-2Na-2H,O and
standardized with 0.1 M CaCOj3 using NET(1%) as
an indicator. A buffer at pH 10 (50 mL) was prepared
using NH4C1 (0.133 g) and NH4OH (1.9 mL). pH
measurements were taken using a Conductronic 120
pH meter. Turbidity was measured with a Vernier
sensor calibrated with a standard 100 NTU solution.
Conductivity was determined using a YSI 3200
conductivity meter calibrated with a 0.1 N KCI
solution. IR spectra were recorded on a Scimitar FT-IR
Digilab Fourier transform infrared spectrophotometer
with KBr pellets. UV-Vis spectroscopy spectra and
COD measurements were performed on a Hach DR
5000 UV-Vis spectrophotometer using distilled water
as the blank. COD was determined using low-range
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Table 1. Characterization of the simple water samples collected in the Nexapa River.

Sample pH T  Turbidity Chloride Sulfates Nitrates Phosphates Total Hardness Setteable solids
Point (°C) (NTU)  (ppm)  (ppm)  (ppm)  (ppm)  CaCO; (mg/L)  (mL/10mL)
S1 777 27 2 113.29 320 42 332 414.5 0
S2 7.7 27 29 113.29 90 78 8.2 414.5 0
S3 745 28 196 79.90 30 7 2.5 399.9 35
S4 792 27 8 105.52 120 19 4.8 436.5 0
S5 7.64 24 35 99.97 130 7 2.4 304.52 0

Hach-brand vials (3—150 ppm), with a 100 ppm KHP
standard. Apparent color was evaluated using UV-
Vis spectroscopy and expressed as the absorption
coefficient (1), representing the absorption of
light per unit optical path length at the selected
wavelengths (4 = 436, 525, and 630 nm). Total As
and Cr were determined using a GBC 932 atomic
absorption spectrophotometer (Scientific Equipment
Ltd), employing calibration curves obtained from 2-
15 ppm standard solutions for Cr and 30-70 ppm for
As.

2.3 Pre-treatment

A volume of 250 mL of the previously homogenized
composite sample was subjected to a thermal
treatment in acid media before the EF treatment.
For this procedure, the pH of the initial sample was
adjusted to a range of 2.8-3.5 using 1% HNOs3. The
sample was then heated at 75 °C under continuous
stirring at 100 rpm for 60 min. Upon completion,
hot gravity filtration was performed using qualitative
filter paper, and the sample was allowed to cool to
room temperature. Any volume loss due to heating and
filtration was compensated for with deionized water to
preserve the original analyte concentrations.

Previous studies have reported that thermal
pretreatment under acidic conditions promotes
the breakdown of complex organic and inorganic
compounds, thereby facilitating their subsequent
degradation within the EF system. Additionally,
this pretreatment enhances sludge dewaterability
by degrading proteins and polysaccharides, which
reduces water retention in the sludge. Acidification
also induces changes in the interparticle interactions
among sludge flocs and their constituents (Dewil et
al., 2005; Pilli et al., 2015). To evaluate whether
this effect occurs in the Nexapa River samples,
experiments with and without the pretreatment were
conducted under the optimized operating conditions
(H20, dosage of 0.05 mL, applied voltage of 9 V, and
treatment time of 5 min). In the experiments conducted
without pretreatment, the COD value increased by
19.8 ppm (5.8%), and the time required for organic
matter degradation was extended by approximately 10
minutes compared to the pretreated samples. These
results indicate that, although the pretreatment step
is not strictly essential, it significantly enhances the

Figure 2. Configuration of the electrochemical cell.

efficiency of the EF process by promoting faster and
more effective degradation of organic matter.

2.4 Electrolytical cells

For the EF treatment stage, 45 mL of the previously
digested sample was combined with 5 mL of a 12%
NaCl solution as a supporting electrolyte, along with
variable volumes of 30% H,O; ranging from 0.01-1
mL. The electrochemical cells were assembled using
two AISI 304 stainless steel electrodes, previously
polished, to remove surface impurities and enhance
electrical conductivity. The electrodes were positioned
at a fixed interelectrode distance of 2.5 cm and an
immersion depth of 2 cm, and were connected to a
12 V, 4 A rechargeable battery coupled to a voltage
regulator. Applied voltages from 2 to 10 V and
treatment times from 5 to 20 min were systematically
evaluated to determine the optimal reaction conditions,
as illustrated in Figure 2.

The efficiency of the electrochemical treatment
was evaluated through the quantification of some of
the main parameters established in the NOM-001-
SEMARNAT-2021 standard for surface water bodies
such as rivers, streams, and channels, in Mexico
(Dominguez-Montero et al., 2024). In addition, a
gravimetric analysis was performed to determine the
amount of Fe?* released from the sacrificial electrode,
with the objective of determining a stoichiometric
relationship between the oxidizing agent concentration
(H>03,) and the COD. All the analyses were replicated,
and the average results were reported.
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Table 2. Characterization of the composite water sample at 25 °C before the EF treatment.

Settleable solids pH Total Hardness Turbidity @ (m™") 11=436 nm COD [Cr] [As]
(mL/10 mL) CaCO3 (mg/L) (NTU) A2=525 nm (ppm) (ppm) (ppm)
A3=620 nm
<0.1 8.5+0.14 4444 +237 315+0.71 4.2 +0.01 340 £21.21 2231 +£0.05 11.063 +0.05
2.5+0.02
2.0 +£0.01

3 Results and discussion

According to the literature, the EF process can be
classified into four groups. In the first one, Fe?* and
H;0, are produced electrochemically at the surfaces
of the sacrificial anode and the cathode, respectively.
In the second type, known as the electrochemical
peroxidation process, HoO; is manually added to the
reactor, while a sacrificial iron anode serves as the
source of Fe’. In the third type, ferrous iron is
added to the reactor, and H,O; is produced through
the diffusion of O, on the surface of the carbon
cathode. In the fourth type, both Fenton reagents
(H,05 and Fe?*) are added externally to the reaction
medium (Sarabi et al., 2024). In the first and second
types of EF processes, the iron required for the EF
process was supplied by the oxidation of the used iron
electrode. Aaron et al. reported that an increase in
iron production in the treated results in an increase
in the efficiency of the contaminant removal (Aaron
et al., 2001). Some studies have demonstrated that the
electrochemical peroxidation process offers significant
advantages, including a reduced reliance on external
iron salts and a continuous supply of Fe?*. This is
because the required Fe?* is generated in situ via the
oxidative dissolution of the sacrificial iron electrode,
thereby enabling a more cost-effective process (Sarabi
et al., 2024). For this reason, stainless steel sacrificial
electrodes were selected for the experiments.

An aliquot of water from the composite
sample was characterized before the electrochemical
treatment (Table 2). Overall, the results indicate a
markedly deteriorated water quality, as most of the
analyzed parameters exceeded the limits established
by current Mexican regulations. In particular, the COD
values were consistent with those reported in recent
studies, ranging from 221 to 382 mg/L at different
sampling sites along the river, which classifies the
water as heavily polluted due to exceeding the
maximum permissible limit of 210 mg/L (Navarro-
Frometa et al., 2025; Arroyo Ortega et al., 2025).

In addition, total arsenic (As) and chromium (Cr)
concentrations were detected at levels considered
extremely hazardous to human health. According to
official Mexican standards, the permissible limits for
discharges into surface water bodies are 0.4 mg/L for
As and 1.5 mg/L for Cr; however, the concentrations
measured in the analyzed samples exceeded these

thresholds by up to twenty-threefold for As and
threefold for Cr.

Complementary optical parameters, including
turbidity and apparent color, were also evaluated as
indirect indicators of particulate and chromophoric
matter, despite the absence of specific regulatory limits
for surface waters. The turbidity of the composite
sample indicated a substantial presence of suspended
particles, which can interfere with light transmission
and affect the optical response of the water matrix.
The a values indicated a moderate level of apparent
color in the analyzed water sample. The observed
decrease in @ with increasing wavelength (@436 > @525
> agpo) is characteristic of waters containing dissolved
organic matter, particularly aromatic and humic-like
compounds that preferentially absorb light in the
shorter wavelength region. These optical properties
are consistent with the relatively high turbidity value
and elevated COD, suggesting that both suspended
particles and organic constituents contribute to the
measured color (Helms ef al, 2008).

The findings in Table 2 are consistent with
previous studies in the region reporting high
concentrations of organic matter and heavy metals
(Navarro et al., 2013; Navarro-Frometa et al., 2020;
Navarro-Frometa et al., 2024). The turbidity results
indicate the presence of a significant fraction of
suspended and colloidal particles in the water matrix,
even though settleable solids were negligible. This
suggests that particulate matter was mainly composed
of fine particles that remain in suspension and
can strongly influence the optical properties of the
water. Apparent color, expressed as the absorption
coefficient «, exhibited a decreasing trend with
increasing wavelength, which is characteristic of
waters containing chromophoric organic matter. Since
apparent color integrates contributions from both
dissolved compounds and suspended particles, the
combined analysis of turbidity and « indicates that
the observed coloration results from the simultaneous
presence of particulate material and dissolved
organic species. This optical behavior is consistent
with the elevated organic load inferred from the
physicochemical characterization of the sample. On
the basis of these results, electrochemical experiments
were conducted using 45 mL of sample, previously
acid-digested, to evaluate the effects of voltage,
treatment time, and HyO, dosage. The results are
presented below.

WWW.rmiq.org



Camaron-Morales | Revista Mexicana de Ingenieria Quimica Vol. 25, No. 2(2026) IA26786

0.8
a) — 2V
0.6 =4V
§ — 6V
g 0.4 — 8V
E -_— 9V
< 0.2 — 10V

0.0 T T T T T
240 300 400 500 600 700
A(nm)

Figure 3. a) UV-Vis spectra and b) settleable solids obtained from voltage-variation experiments with 5 min of EF

treatment.
Table 3. Influence of the voltage variation on the EF process at 25 °C and 5 min.
Voltage Settleable solids pH Total Hardness ~ Turbidity a(m™b) a(m™h) a(m™h)
V) (mL/10 mL) CaCO;3 (mg/L)  (NTU)  A=436nm A=525nm A=620 nm
Untreated Sample <0.1 8530 4444 + 0 315+0 4.2 2.5 2.0
2 <0.1 7.80£0 37.33 £0.20 547+0 9.2 54 33
4 1.4 +0.28 8.06 £ 0.01 3446 +0.24  33.6 +£0.28 6.5 4.5 3
6 2+0.14 791 +0.01 33.53+048 255+0.14 0 0 0
8 44x0 8.06 £ 0 30.06 £ 0.24 202 +0.28 0.7 0.3 0
9 7.1+0.14 8.03+0.03 2540+042 20.1+0.70 0.4 0 0
10 7.6 +£0.28 8.01 +0.14 2340+024 22.5+280 0.5 0 0

3.1 Voltage variation

The optimal voltage for carrying out the
electrochemical water treatment was determined by
fixing the reaction time at 5 min and the H,O; volume
at 0.5 mL, while applying the following voltage
values: 2, 4, 5, 8, 9, and 10 V. Subsequently, the
main physicochemical parameters were evaluated to
assess the quality of the treated water by comparing
the results obtained at each voltage with those
corresponding to the untreated sample. The influence
of the applied voltage on the efficiency of the
contaminant removal process is shown in Table 3.

As observed in the obtained results, the untreated
sample exhibited a slightly alkaline pH (pH = 8.53).
It has been reported that the pH is one of the
most critical parameters affecting the EF process, and
the optimal pH for conventional homogeneous EF
systems typically ranges from 2.8 to 3.5, where Fe?*
solubility and the production of -OH is maximized.
This value can be difficult to achieve due to high
chloride concentrations, which can alter pH through
side reactions, and because some complex organic
pollutants may act as buffers, complicating pH
control. In addition, Fe3* precipitates as iron sludge,
thereby decreasing catalytic efficiency at pH > 4
(Ding et al., 2025). For this system, the use of a
thermal treatment in acid media involves the use
of HNOj3 reducing the pH to values close to 4.
Then, the pre-treatment facilitates the initiation of the
electrochemical treatment, and the cathodic reactions
promote the generation of hydroxyl ions, leading to

a progressive increase in pH and the restoration of
alkaline conditions with values close to 8. The alkaline
environment favored the subsequent formation of
metal hydroxides in the solution. This pH behavior
was independent of the applied voltage within the
range of 2 to 10 V, which may be attributed to the
achievement of a limiting concentration of hydroxyl
species and metal hydroxide precipitates in the system.

The pH value has been suggested as a general
reference parameter for system behavior; however,
the observed voltage-independent values indicate
that pH does not constitute a direct indicator
of contaminant removal efficiency. Since COD
determination represents a more expensive and
time-consuming characterization method, UV-Vis
spectroscopy was selected as a qualitative monitoring
technique to assess the presence of residual organic
matter in the water. This technique was chosen for
its operational simplicity, accessibility, and lower cost
compared with other analytical methods, such as COD
or TOC determination. Specifically, absorbance was
measured at a maximum wavelength (Amax) of 254 nm,
a region of the electromagnetic spectrum commonly
associated with the presence of organic compounds,
particularly those containing aromatic structures
(Ramos Ascue, 2018). The progressive decrease in
UV-Vis absorbance observed during the treatment
indicates a reduction in organic matter content.
This behavior is attributed to the degradation of
chromophoric organic compounds, including aromatic
and conjugated structures that strongly absorb in
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Table 4. Influence of the time variation results on the EF process at 25 °C and 9V.

Time Settleable solids pH Total Hardness  Turbidity a(m™) a(m™) a(m™)
(min) (mL/10 mL) CaCO; (mg/L)  (NTU)  A=436nm 1=525nm 1=620 nm
Untreated sample <0.1 8.53 31.5 4.2 2.5 2.0
5 4.6 +£0.14 5.05+0.014 150.0 + 18.38 23.8+0 0.6 0.4 0.2
7 550 6.53+0 1233 £ 17.11  22.8 £0.28 1.2 0.7 0.5
10 8.2 +0.28 7.30+0.014 83.0+2149 21.6+0.14 3.6 23 1.6
15 83+0.14 844 +0 732 +4.24 22.5+0.28 4.9 34 2.6
20 82+0 11.4 £ 0.028 63.3 £2.54 21.3+£042 2.5 1.9 1.5
the UV and visible regions. As these structures are 0.4
oxidizejd or br‘oken down into simpler, less light- — 20 min.
absorbing species, the overall absorbance of the water .
matrix decreases. Therefore, the attenuation of UV- o 0.31 — 15 min.
Vis signals reflects not only a loss of color, but also a g — 10 min.
transformation and partial removal of organic matter, L2 0.24 A S
consistent with the action of oxidative processes on § '
dissolved organic compounds. This approach has been < S min.
. . . . X . 0.1
applied in previous studies and is considered a reliable
indirect indicator of the organic matter concentration
in wastewater (Weishaar et al., 2003). 0.0 r—r—rrrrrrrr e
250 400 600 800
) A(nm)
Figure 3a presents the UV-Vis absorbance spectra i i i
Figure 4. UV-Vis spectra at 25 °C with

of samples treated at different voltages, showing that
the lowest absorbance at 254 nm was achieved at
9 V. This behavior is consistent with the observed
increase in settleable solids (Figure 3b) and with
the improvement in other water quality parameters,
including total hardness, turbidity, and the spectral
absorption coefficient a (Table 3). Overall, the results
indicate that 9 V is the optimal operating voltage
for electrochemical treatment, as it yields the highest
contaminant removal efficiency in the treated sample.

On the other hand, it has been reported that
the dissolution of Fe-containing sacrificial electrodes
leads to the production of in situ coagulants,
in which hydroxyl ions are generated at the
anode via reduction, whereas H; bubbles are
produced at the cathode via oxidation, thereby
assisting in driving the generated floc to the water
surface. At low solution pH and oxygenated water,
ferrous ions are easily transformed into ferric ions.
Depending on the pH, the electrogenerated ferric
ions undergo hydrolysis to form monomeric and
polymeric species in solution, which have a strong
tendency to polymerize. The primary complex formed
is Fe(OH)3, which remains in the aqueous solution
as a gelatinous suspension, thereby assisting in
the removal of wastewater contaminants by either
electrostatic attraction or complexation phenomenon
with subsequent coagulation (Das et al., 2022).
The observation of suspended solids at the start of
the experiment, which subsequently settle, suggests
electrocoagulation processes (EC) as part of the
overall mechanism.

electrochemical cells at 9 V, 0.5 mL of H,O,, and
time variation.

3.2 Time variation

Once the optimal voltage was established, additional
experiments were conducted by varying the treatment
time from 5 to 20 min. The objective was
to identify the most efficient exposure time for
the electrolytic treatment of contaminated water.
Table 4 summarizes the detailed physicochemical
characterization obtained for each evaluated treatment
time.

Although the sample pH reached the value
closest to neutrality (pH = 8.2) after 10 min
of treatment, the UV-Vis spectra recorded at A
= 254 nm (Figure 4) showed that the lowest
absorbance was obtained after only 5 min. This
result indicates that the most effective removal of
organic matter occurred at shorter treatment times,
suggesting that extended electrochemical exposure
does not necessarily enhance contaminant degradation
and may instead lead to secondary processes with a
limited impact on organic matter removal.

To validate UV-Vis spectroscopy as a reliable
and effective control parameter for monitoring
organic matter removal during electrochemical
treatment, colorimetric COD tests were conducted.
The resulting data were used to construct absorbance
versus treatment time plots based on the absorbance
measured at the maximum wavelength (Amax) of 254
nm (Figure 5a), as well as COD versus treatment
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Figure 5. a) Absorbance vs t ratio obtained by UV-Vis, b) COD vs t ratio for electrochemical cells at 25 °C with 9

V, 0.5 mL of H>O,, and time variation treatment.

time plots (Figure 5b), allowing a direct comparison
between both monitoring approaches.

Figure 5 shows that both parameters (UV-
Vis absorbance and COD) exhibit similar trends,
indicating a clear correlation between decreases in
absorbance and COD. These results demonstrate that
an optimal treatment time of 5 min is achieved when
the electrochemical cell operates at 9 V with 0.5 mL
of H,O,, and confirm that UV-Vis absorbance at Ayax
= 264 nm is a reliable and effective parameter for
monitoring organic matter removal.

As previously mentioned, earlier studies reported
high concentrations of these metals in the Nexapa
River water, consistent with the findings of the present
study (Table 2). The measurements revealed that
after 5 min of EF treatment at 9 V with 0.5 mL
of HyO,, removal efficiencies of 29.8% for Cr and
39.47% for As were achieved. It has been documented
that this decrease indicates that the mechanism of
metal removal in the EF process does not involve
mineralization, but rather the transfer of metallic
species from the aqueous phase to the solid phase,
mainly through coprecipitation and surface adsorption
onto electrogenerated iron hydroxides (Yang et al.,
2025). During this process, the anodic dissolution of
iron leads to the continuous generation of Fe>*/Fe3*
ions, which hydrolyze to form colloidal particles of
Fe(OH); and FeOOH. These highly reactive solid
phases act as immobilization sites, where metal ions
are removed by adsorption via inner-sphere complex
formation and/or by coprecipitation within the iron
hydroxide matrix.

When the treatment time was extended beyond
5 min, the Cr concentration increased, in some
cases exceeding levels measured in the untreated
water. This increase was attributed to the progressive
degradation of the sacrificial electrodes used in the
electrochemical cell, which are made of AISI 304
stainless steel containing approximately 18% of Cr.
Other studies have observed the same process, in

which chromium is released into the treated water;
however, under treatment conditions, the form of
chromium present is less toxic: Cr>*. Furthermore,
the chromium released by the process itself proves
beneficial, as it acts as a catalyst, enhancing the
generation of -OH radicals and achieving bigger
degradation of organic matter. A similar behavior
was observed for total As, with metal concentrations
returning to levels close to the initial values after
7 min of treatment. To remove these metals, post-
treatment processes can be implemented, such as pH
neutralization followed by filtration, adsorption, and
coprecipitation. However, most of these metals are
released after more than 5 minutes. Therefore, the
optimal treatment time should not exceed this time,
preventing the release of Cr and As (Li et al., 2026; Wu
et al., 2024). This behavior, together with the observed
increase in pH, suggests a restructuring of the solid
phase, in which the electrogenerated hydroxides
partially destabilize, thereby releasing metal ions
back into the aqueous phase. This process may be
further enhanced by strong desorption associated
with changes in surface charge and the formation of
soluble hydroxylated complexes, which are favored
at higher pH values, thereby establishing a dynamic
solid-liquid equilibrium. Therefore, precise control
of the EF treatment time is essential not only to
maximize organic matter removal but also to prevent
the reintroduction of inorganic contaminants into the
system.

On the other hand, numerous studies have
demonstrated that fine-tuning the H,O» concentration
directly influences the rate of -OH generation, thereby
affecting both the degradation kinetics of organic
matter and the removal behavior of metal ions.
(Anotai et al., 2010; He & Zhou, 2017; Afolabi et
al., 2022). Recently, Omar et al. employed an H,O;
dosage in range of 0.05-0.5 g/L for the treatment of
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Table 5. Influence of the H,O, dosage on the EF process at 25 °C, 9 V and 5 min.

H,0O; volume Settleable solids pH Total Hardness ~ Turbidity a (m’l) [Cr] [As] COD
(mL) (mL/10 mL) CaCO3 (mg/L)  (NTU)  2;=436 nm (ppm) (ppm) (ppm)
A>=525 nm
A3=620 nm
Untreated Sample <0.1 8.53 444 4 31.5 422520 2.231 11.063 340
0.01 5.6+0.14 6.20+0 180 + 28.28 1.5+071 050503 0.807+0.81 0.843+0.025 27+7.07
0.05 64 +0 6.83 + 0.03 160 + 28.28 1.2+028 050503 0.836+453 0.756+0.022 22+4.24
0.3 6.8+0 6.45 £ 0.01 200 + 42.42 1.5+0.14 362816 1.842+184 5687+0390 97+11.3
1.0 3.6 +0.56 6.00 + 0.01 600 + 70.71 20+141 493426 > 15 8.786 £ 0.470 299 + 7.07

industrial wastewater, concluding that excessive HyO;
acts as a scavenger of -OH and reduces the process
efficiency. Their results established an optimal dosage
of 0.3 g/LL (Omar et al., 2024). These findings are
consistent with those reported by Delil and Goren,
and Cheng et al., who achieved maximum COD
removals of 76% and 89.8% using 250 and 300
mg/L of HyO, for the treatment of sugar industry
and petrochemical wastewater, respectively (Delil &
Goren, 2019; Cheng et al., 2022). Similarly, Suhan
et al. investigated the Fenton degradation of dyes
in aqueous solution under optimal conditions, using
1000 mg/L HyO, and achieving approximately 80%
COD removal (Suhan et al., 2020). Overall, these
results demonstrate that the optimal H,O, dosage
depends strongly on wastewater composition and
must therefore be determined experimentally for each
specific system.

Based on the prior studies, the effect of the H,O;
dosage (previously fixed at 0.5 mL) on the kinetics of
the EF reactions was evaluated under the previously
established optimal operating conditions (9 V and
5 min). A series of experiments was conducted by
varying the HyO» volume from 0.01 mL to 1 mL (66
— 6600 ppm), and the resulting kinetic response is
summarized in Table 5.

As evidenced by the experimental results, reducing
the volume of H»O; used in the electrochemical
treatment  significantly enhances the removal
efficiency of both organic and inorganic contaminants.
In particular, a HO, volume of 0.05 mL (333.3 ppm)
was identified as the optimal condition, achieving
removal efficiencies of 62.5% for Cr, 93.16% for
As, and 93.53% for COD relative to the initial
concentrations. Regarding the remaining parameters, a
63.9% reduction in total hardness and an 88% decrease
in color (Amax = 436 nm) were observed, along with a
substantial increase in settleable solids.

According to Gao et al., the produced sludge
is a new type of complex, heterogeneous sludge
composed of Fe(OH)s, organic matter, heavy metals,
microorganisms, sediment impurities, and moisture.
Fenton sludge properties are largely dependent on the
wastewater source and on the volume and ratio of
the added reagents (Gao et al., 2022). The typical
composition of the organic component of the sludge
is composed of 7.36% carbon, 12.52% oxygen, 2.25%
hydrogen, 0.78% nitrogen, and 0.85% sulfur. Only

1497.39C
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Figure 6. IR spectrum of the settleable solids generated
during the EF treatment under optimal operating
conditions.

a small part of the Fenton sludge contains solid
matter, such that over 70% is water. Furthermore,
Benatti et al. investigated the composition and metal
content of Fenton sludge, and their results showed
that the metals were present as amorphous materials,
such as amorphous iron oxide (Benatti et al., 2006;
Benatti et al., 2009). To verify if these characteristics
are present in the sludge obtained for this research,
properties such as pH, total chemical oxygen demand
(TCOD), soluble chemical oxigen demand (SCOD),%
of organic content, elemental analysis, and higher
heating value (HHV), has been used in the other works
for characterizing sludge in orden to find a suitable
application for this material (Mahtab et al., 2021).

These solids were found to be insoluble across
a wide range of solvents, including water, acetone,
hexane, dimethyl sulfoxide (DMSO), ethanol,
methanol, chloroform, dichloromethane, and toluene.
The structural characterization of these solids was
performed by infrared (IR) spectroscopy, and the
resulting spectra are shown in Figure 6.

The FTIR spectrum reveals a broad band centered
around 3419 cm™ and another at 1628 cm™!, which
are associated with O—H stretching vibrations and the
bending mode of adsorbed water, respectively. This
result is consistent with the presence of structural
water and/or surface hydroxyl groups in hydroxide
and oxyhydroxide-type phases (Xu et al., 2022; De
Jara et al., 2020; Cosme-Torres & Illescas-Martinez,
2025). Additionally, bands in the 1497-1383 cm’!
region were identified, which can be attributed to
carbonate (CO3%") vibrations or to simple oxygenated
species adsorbed on the solid surface, possibly
originating from interactions with atmospheric CO,
or from byproducts of the electrochemical process.
The signal observed around 925 cm™! can be related
to M-OH vibrations or out-of-plane deformations
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of Fe—-O-H bonds, which have been reported for
poorly crystalline iron oxyhydroxides (Zhou et
al., 2012). The band at approximately 624 cm’!
is attributed to metal-oxygen (M-O) vibrations,
which are commonly reported for inorganic materials
based on metal oxides and hydroxides (Nakamoto,
2009; Socrates, 2004). The FTIR spectra of the
solids obtained under different operating conditions
are highly similar, suggesting that the solids are
dominated by a comparable inorganic matrix (mainly
iron hydroxides/oxyhydroxides) generated during the
EF process. Complementary studies will be obtained
in the next step of this work.

Conclusions

The performance of the electrochemical process
was evaluated using parameters established by
current Mexican regulations, specifically NOM-
001-SEMARNAT-2021. Systematic variations in
the operating conditions (applied voltage, treatment
time, and H,O, dosage) were conducted to assess
their influence on process efficiency using composite
water samples from the Nexapa River. This approach
enabled the identification of optimal operating
conditions that maximize contaminant removal
efficiency.

The optimal operating conditions were identified
at an HyO; dosage of 0.05 mL, an applied voltage
of 9 V, and a treatment time of 5 min. Under these
conditions, organic matter removal reached 93.5%,
as quantified by COD through colorimetric tests,
together with substantial reductions in heavy metal
concentrations of 63.8% for Cr and 93.53% for As,
as determined by AAS. These results confirm the
ability of the Electro-Fenton process to simultaneously
remove organic and inorganic contaminants from the
Nexapa River.

Process monitoring included pH evolution, which
started in values close to 4, as a result of the previous
thermal treatment in acid media, then increased
during treatment due to electrogeneration of metal
hydroxides and reached values close to neutrality
under optimal operating conditions; however, pH
changes alone were insufficient to track reaction
progress accurately. In contrast, UV-Vis spectroscopy
proved to be a more reliable monitoring approach, as
absorbance measured at Ay,x = 254 nm showed strong
agreement with COD values and served as an effective
indicator of organic matter degradation. In addition,
H,0; consumption was successfully monitored by
following the absorbance band at Ap,x = 240 nm,
previously assigned to H,O, (Hadwan er al., 2024).
Organic matter removal was primarily associated
with the formation of settleable solids, whose FTIR
characterization indicated that they were dominated

by an inorganic matrix composed mainly of iron
hydroxides/oxyhydroxides generated during the EF
process.

Gravimetric analysis was used to quantify the
amount of Fe>* released by the corrosion of the
sacrificial electrodes, which enabled the establishment
of a stoichiometric relationship among [COD] : [Fe?*]
: [HoO2] of 1 : 2.4: 0.85 mg/L. This ratio proved
optimal under the evaluated conditions and provides
a quantitative basis for controlled dosing of H;O,
based on the initial COD of each sample, as well
as on the Fe?* concentration when inert electrodes
are employed and an external metal salt is added.
Consequently, these results provide a previous study
for developing an understanding of the Nexapa River
effluent.

Overall, these findings reinforce the viability of the
electrochemical method as an efficient, cost-effective,
and sustainable alternative for treating water from
the Nexapa River contaminated with organic matter
and heavy metals. Nevertheless, further studies are
needed to evaluate process reproducibility, operational
feasibility under continuous-flow conditions, and
long-term economic performance under site-specific
conditions. In addition, continued optimization
of reagent ratios may further enhance treatment
efficiency, reduce operational costs, and minimize
the environmental impact associated with the
implementation of this technology in the Nexapa River
basin.
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