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SUMMARY

Despite the extensive literature on the effects of im-
plementing aeration in the electrocoagulation (EC)
treatment of industrial wastewater, few studies evaluate
the performance of this technique at high aeration rates.
In this work, we present the outcomes derived from
EC treatment of pharmaceutical and synthetic textile
wastewater effluents in two lab-scale reactors with and
without aeration, each equipped with different electrode
combinations of aluminium and iron (Al/Al, Al/Fe,
and Fe/Fe). In the non-aerated EC reactor, maximum
chemical oxygen demand (COD) reductions of 56%
and 80% were achieved for the pharmaceutical and
textile eftfluents, respectively, with up to 100% removal
of turbidity and colour with the Al/Al combination.
The installation of high-rate aeration to prevent sludge
accumulation on the electrode surface markedly reduced
residence times and enhanced the COD removal in the
pharmaceutical eftluent. However, this implementa-
tion potentially reduced the process efliciency for the
synthetic textile effluent as prolonged operation led to
flocculation breakdown and subsequent re-dissolution
of the contaminants in the water.

Keywords: COD, Current Density, High-Rate Aer-
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RESUMEN

A pesar de la extensa literatura sobre los efectos de
implementar la aireacién en el tratamiento por elec-
trocoagulacién (CE) de aguas residuales industriales,
pocos estudios evaliian el desempeiio de esta técnica a
altas tasas de aireacion. En este trabajo, presentamos los
resultados derivados del tratamiento EC de efluentes de
aguas residuales farmacéuticas y textiles sintéticas en
dos reactores a escala de laboratorio con y sin aireacion,
cada uno equipado con diferentes combinaciones de
electrodos de aluminio y hierro (Al/Al, Al/Fey Fe/Fe).
En el reactor EC no aireado, se lograron reducciones
méximas de la demanda quimica de oxigeno (DQO)
del 56% y el 80% para los efluentes farmacéuticos y
textiles, respectivamente, con una eliminacion de hasta
el 100% de turbidez y color con la combinacién Al/Al.
Lainstalacion de aireacion de alta velocidad para evitar
la acumulacién de lodos en la superficie del electrodo
redujo notablemente los tiempos de residencia y mejoré
la eliminacién de DQO en el efluente farmacéutico. Sin
embargo, esta implementacion redujo potencialmente
la eficiencia del proceso para el efluente textil sintético,
ya que la operacién prolongada provocé la ruptura de
la floculacién y la posterior redisoluciéon de los conta-
minantes en el agua.
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RESUM

Malgrat 'extensa literatura sobre els efectes de la
implementaci6 de l'aireaci6 en el tractament d’elec-
trocoagulacié (EC) daigiies residuals industrials, pocs
estudis avaluen el rendiment d’aquesta tecnica a altes
taxes d’aireacié. En aquest treball, presentem els re-
sultats derivats del tractament EC d’efluents d’aigiies
residuals textils farmaceutiques i sintetiques en dos
reactors a escala de laboratori amb i sense aireacio, ca-
dascun equipat amb diferents combinacions d’electrodes
d’aluminiiferro (Al/Al, Al/Fe i Fe/Fe). En el reactor EC
no airejat, es van aconseguir reduccions maximes de
la demanda quimica d’oxigen (DQO) del 56% i del 80%
per als efluents farmaceutics i téxtils, respectivament,
amb una eliminacié de fins a un 100% de terbolesa i
color amb la combinacié Al/Al. La installacié d’aera-
cié d’alta velocitat per evitar l'acumulacié de fangs a
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l'efluent textil sintetic, ja que el funcionament prolongat
va provocar la ruptura de la floculacié i la posterior
redissoluci6 dels contaminants a l'aigua.
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INTRODUCTION

According to international estimates, 90% of the waste-
water generated worldwide is directly discharged to
the environment (Corcoran et al., 2010; Rathoure and
Dhatwalia, 2015; Khalaf, Mubarak and Nosier, 2016).
This release of untreated or inadequately treated waste-
water poses severe consequences due to the discharge
of contaminant loads that are difficult to eliminate
through conventional treatments. The textile industry,
for example, produces wastewater effluents with high
levels of chemical oxygen demand (COD), persisting col-
ouring pollutants, biochemical oxygen demand (BOD),
total dissolved solids, total organic carbon (TOC), and

total suspended solids (TSS) (Bisschops and Spanjers,
2008; Kishor et al., 2021). A similar concern is caused
by the presence of non-biodegradable organic matter
in pharmaceutical wastewater (Sirés and Brillas, 2012;
Rana et al., 2017) since the high COD/BOD ratios in this
type of water limit its biodegradation (Hamaidi-Chergui
and Brahim Errahmani, 2019).

While a multitude of treatments have been proposed
to deal with these effluents, their design must cater to
the specific wastewater characteristics. Predominant
technologies in this group encompass biological treat-
ment, coagulation, and chemical treatment. Despite
their potential benefits, the use of these techniques
implies huge installation surface areas, permanent use of
chemicals, high amounts of sludge, and management of
residues (Crini and Lichtfouse, 2019; Hashim et al., 2020;
Bahrodin et al., 2021). Electrocoagulation (EC) stands
as a promising alternative due to its lower operating
costs, less production of sludge, and higher efficiencies
in removing organic and inorganic contaminants from
various water matrices without the addition of chemicals
(Barrera-Diaz, Balderas-Herndndez and Bilyeu, 2018;
Islam, 2019; Shahedi et al., 2020; Nidheesh et al., 2022).

In contaminated water, the Van der Waals forces create
a weak attraction between neutral molecules. These
forces induce a temporary union and foster a balance
that sustains the adhesion of contaminant particles to
water molecules. EC aims to destabilize this suspension
by reducing the repulsion force between particles and
prompting their union to form larger conglomerates
(Naje and Abbas, 2013). The elimination of contami-
nants occurs as a result of physical and chemical pro-
cesses during electrolysis. The fundamental principle
of the process is driven by reduction and oxidation
reactions. These reactions result in oxidation at the
anode and reduction at the cathode, while treated water
serves as an electrolytic solution (Rusdianasari et al.,
2019). Specifically, the anode, often referred to as the
sacrificial electrode, dissolves and releases metallic
ions. In contrast, the cathode retains its plate without
dissolving (Adhoum and Monser, 2004). Table 1 shows
a general scheme of the reaction mechanisms occurring
in the cathode and the anode. In these expressions,
M is the metal, M™ is the related cation, and n is the
number of transferred electrons.

Various studies indicated effective reductions of COD
and elimination of colloids with diameters between
1-1000 nm, salts, polychlorinated biphenyls, cyanides,
nitrites, phenols, surfactants, dyes and colourants,
fats, oils and emulsions, and heavy metals, including

Table 1. General reaction mechanisms that take place in the cathode and the anode of an EC-system (Islam, 2019;
Lépez-Guzmdn, Flores-Hidalgo and Reynoso-Cuevas, 2021).

Cathode

Anode

M?az) +ne” - Mg

2H;0() + 2e™ - Hp + 2 OH(_aq)

2H,0( - 4Hz-aq) + Oz +4e”

M(S) - M?a-a) +ne”
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the removal of emerging contaminants (Moussa et
al., 2017). Recent studies have demonstrated that the
integration of external aeration into the EC system
markedly enhances the removal efficiency of COD and
other pollutants (Kumar, Nidheesh and Suresh Kumar,
2018; Akansha et al., 2020; Khalifa et al., 2020; Syam
Babu, Nidheesh and Suresh Kumar, 2021; Trinh et
al., 2021; Nidheesh and Gokkus, 2023). Although this
enhancement is primarily attributed to the increase
in the dissolved oxygen required for the occurrence of
the oxidation-reduction reactions represented in Table
1, fewer studies have investigated the effect that aera-
tion-induced stirring may cause at high aeration rates.
In this work, we evaluate the effect of implementing an
external high-rate aeration system into an EC reactor.
The results of this evaluation are compared with that
of a traditional EC treatment in a lab-scale reactor.
The specific goals of this study are to (i) determine the
most effective electrode materials for the EC-treatment
of pharmaceutical and synthetic textile effluents in a
non-aerated reactor, (ii) assess the effects of high-rate
aeration in the residence time, and removals of COD,
turbidity, and colour, and (iii) identify the optimal
residence time for maximum removals of turbidity,
colour, and COD upon implementation of aeration.

METHODS

Wastewater Characteristics

The synthetic textile effluent was prepared before each
experiment with a concentration of 0.1 g/L blue dye to
emulate the dosages used by local textile industries, with
an initial COD concentration of 600 + 29 mg/L. The
pharmaceutical effluent was collected from untreated
wastewater generated by a company within the sector
before mixing with domestic wastewater. For this sam-
ple, the initial COD was greater than 10000 mg/L in all
essays. All samples were stored in the absence of light at
10 £ 5 °C pending EC treatment, with no more than 2
days in storage. Following EC treatment, samples were
allowed to settle in a light-isolated location for 6 h. No
chemicals were added to preserve the water during this
settling time. After the sedimentation period, samples
were filtered with a fiberglass filter (1 um porosity). The
initial characteristics of the samples are listed in Table
2. Given the diverse range of medications produced by
the company from which the pharmaceutical effluent
was sourced, information on specific contaminants
was not available.

Analytics

Prior to each experiment, the iron electrodes were
subjected to a stripping process adapted from ASTM B
633 standard (ASTM, 2001), using 0.1 M hydrochloric

acid as a washing solution. The pH and conductivity
of the eftfluents were measured with a Horiba multipa-
rameter, model Laqua-PC1100. COD was determined
according to the closed reflux method (American Public
Health Association, 2018). Turbidity was measured
with a Lamotte turbidimeter, model 2020 we/wi. The
intensity of colour was related to the absorbance at 450
nm. Water spectra were measured with a Cole-Parmer
spectrophotometer. All parameters were measured in
triplicate.
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Figure 1. Schematics of the EC lab-scale reactors without
aeration (a) and with external aeration (b)

EC System

Two batch reactors were used for the EC treatment,
one without aeration (Figure la) and another with
external aeration (Figure 1b). The non-aerated reactor,
adapted from Baiza et al., 2016, was built in acrylic.
This reactor had a maximum volume of 1.5 L and
was equipped with a drainage system for extracting
treated samples. Construction of the aerated reactor
involved scaling up the non-aerated reactor to achieve
a 5 L-volume for incorporating the aeration system.
A PVC sprinkler connected to an external aerator
supplied high-rate aeration at 6-8 L/min. This aeration
rate produced intense stirring in the EC reactor. As
schematized in Figure 1, comb-shaped supports were
placed in both reactors to maintain a fixed distance of
3 mm between the electrodes during the EC treatment.
A direct current power supply with a variable voltage of
0-12 V was used for the electrical system. The current
was measured with a clamp meter (Amprobe, ACDC-
54NAV). The dimensions of the electrodes were 9x15
cm in the non-aerated reactor and 12x18 c¢cm in the

Table 2. Characteristics of the wastewater samples (N.A.: Not applicable).

Sample COD (mg/L) Conductivity (mS/cm) pH Turbidity (NTU) Absorbance (A.U.)
Pharmaceutical effluent 11900 + 700 1.96 + 0.01 7.50 £ 0.10 0.98 + 0.03 N.A.
Textile synthetic effluent 600 + 30 1.31+£0.03 8.52+0.10 N.A. 1.08
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aerated reactor. In both cases, a total of 8 electrodes
were used for the EC treatment. As shown in Figure 1,
the connection between electrodes was made in a par-
allel monopolar configuration and electrical clips were
used to complete the electrical system of the reactor.

Experimental procedure

An initial volume of 1.5 L was utilized in all the ex-
periments in the non-aerated reactor. The power source
was set at the minimum current to reduce electrical
consumption. The maximum duration of the treatment
was contingent upon the initial current, facilitating the
formation of at least two insoluble layers: one phase
of solids, and the other phase of treated water. If the
conductivity of the effluent produced excessively high
currents, the residence time was reduced, with the
power source’s capacity serving as the operational limit.
A maximum residence time of 60 min was established,
with sample extractions at various intervals to assess
COD and turbidity in the pharmaceutical eftluent, or
colour in the textile effluent. These extractions allowed
the identification of the optimal residence time. All
evaluations were conducted with iron (Fe) and alumin-
ium (Al) electrodes, the most widely used electrode
materials (Tezcan and Oduncu, 2014; Zhang, Lin and
Hu, 2016). The combinations of electrode material
and current densities are listed in Table 3 for each
water type. These tests aimed to identify the optimal
electrode material and maximum residence time for
the highest COD, turbidity, or colour removals. Initial
current densities depended on the initial conductivity
of the effluent and the electrode material.

Table 3. Electrode materials and initial current densities
used in the non-aerated EC reactor.

Type of water Electrode material Initial current
ype otw (cathode/anode) density (A/m?)
Fe/Fe 103.9
Pharmaceutical Al/AL 1044
effluent
Al/Fe 115.6
Fe/Fe 63.8
Synthetic textile Al/AL 64.9
effluent
Al/Fe 81.7

Upon determining the optimum electrode material
and the time for maximum removals in the non-aerated
reactor, the operating conditions were replicated in the
aerated reactor, maintaining the current density as a
scaling factor. To find the optimal residence time in
the aerated reactor, samples were extracted at different
treatment intervals (10 min for the pharmaceutical
effluent and 5 min for the synthetic textile effluent) to
determine whether the presence of high-rate aeration
improved process efficiency, expressed in terms of re-
moval capacity or the time at which maximum COD,
turbidity, and colour removals were achieved.

The removal efficiency (%Removal) of colour and
turbidity was calculated with Eqn. 1, where N, is the
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initial value of the target parameter, and N is the value
of the parameter at the moment of the analysis. This
expression was not utilized for evaluating the removal
of COD. For this parameter, the removal efficiency was
assessed in terms of the COD reduction (mg/L) over
treatment periods.

%Removal = (N"N_N

) 100 (Eqn. 1)

o

RESULTS

Determination of the Optimum Electrode Ma-
terial in the Non-Aerated Reactor

The electrode combinations Al/Fe, Al/Al, and Fe/Fe
were used in the EC treatment of both waters. Maxi-
mum residence times of 60 and 30 min were used for
the pharmaceutical and synthetic effluents, respectively.
In the pharmaceutical effluent, these configurations of
electrode materials generated reductions of 56%, 78%,
and 70% from the initial turbidity. For COD, the Al/
Fe combination produced a removal of 0.9%; the Fe/Fe
combination produced no removal of the contaminant
load; and the Al/Al electrodes achieved a 24% COD
removal. During the treatment of the textile effluent,
all the combinations generated 100% colour removal.
For COD, the Al/Al combination generated a 53% re-
moval of COD, while the Al/Fe and Fe/Fe combina-
tions generated no removals of the contaminant load.
Therefore, the combination Al/Al was defined as the
optimum electrode material for the treatment of both
water types. Aluminium was also found as optimum
electrode material for the treatment of other pharma-
ceutical and textile effluents (Chaabane et al., 2013;
Khandegar and Saroha, 2013; Nariyan, Aghababaei
and Sillanpdd, 2017; Bener et al., 2019). The reaction
mechanisms taking place at the aluminium electrodes
are expressed by Eqns. 2 and 3.

Al - A3t + 3e~ (anode) (Eqn. 2)
2H,0 + 2e~ - H, + 20H™ (cathode) (Egn. 3)

As the anode releases AI3Y, this species undergoes
subsequent hydrolysis reactions that yield various mo-
nomeric subproducts, including , AI(OH)2* Al(OH), "and
Al(OH)3(Mouedhen et al., 2008). Dimeric, trimeric, and
polynuclear hydrolysis products may form as well, inclu-
ding Al,(OH),"*, Al (OH) 4", Als(OH)15™", Al,(OH),**
, Alg(0H) 20", Al;304(0H),4” and Al;3(OH)34° (Larry
D, Joseph F and Barrow L, 1982; Gerasko et al., 1993;
Bayramoglu, 2004; Kobya et al., 2006; Mouedhen et
al., 2008). These cationic products potentially react
with OH™ and transform into amorphous Al(OH)3
(Larry D, Joseph F and Barrow L, 1982; Bayramoglu,
2004; Kobya et al., 2006). Therefore, the reduction of
the pollutant load in the pharmaceutical and synthetic
textile effluent is likely to occur by the neutralization
of negatively charged colloids and the incorporation of
impurities in the Al(OH)3 precipitate, a process called
“sweep flocculation” (Mouedhen et al., 2008).
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Effect on Turbidity and Colour

As shown in Table 4, 100% turbidity removal in the
pharmaceutical effluent was achieved after 10 min and
this level remained constant during the evaluation
period. Upon implementation of aeration, this trend
remained unaltered. A similar trend was observed in the
synthetic textile effluent. In this case, a maximum colour
removal of 100% was achieved after 5 min of treatment
without aeration. When aeration was implemented, the
peak removal value attained this maximum after 50
min of treatment. Despite this longer time frame, the
colour removal exhibited a steady increase throughout
the EC treatment, with a remarkable removal of 99.5%
at 5 min which is comparable with the maximum re-
moval obtained in the EC treatment without aeration.
Overall, these results show that both turbidity and
colour removal achieved their peak values at the ini-
tial stages of the treatment of the pharmaceutical and
textile effluents, irrespective of the presence or absence
of aeration. Consequently, these parameters were not
established as part of the criteria for determining the
residence time of the process.

Table 4. %Removal of turbidity and colour in the pharma-
ceutical and synthetic textile wastewater effluents.

0y
A)R?H?OYBI of %Removal of colour
turbidity in the . .
harmaceutical in the synthetic
Treatment P Treatment textile effluent
. . effluent . .
time (min) time (min)
Without With Without With
aeration | aeration aeration | aeration
0 0 0 0 0 0
10 100 100 5 100 99.5
20 100 100 10 100 99.7
30 100 100 15 100 99.8
40 100 100 20 100 99.8
50 100 100 25 100 100.0
60 100 100 30 100 100.0
Effect on COD

Figure 2a shows the COD concentration over time
for the pharmaceutical effluent. As observed, the COD
concentration in the water depicted a decreasing trend
during the first 40 min of treatment in the reactor
without aeration, with a minor increment in the 10
min of treatment. The highest removal was 30% and
occurred at 40 min. Upon implementation of the high-
rate aeration, a maximum COD removal of 56% was
achieved at 10 min of treatment. Beyond this optimal
time, the COD level increased due to the stirring caused
by the high aeration rate. After 50 min of treatment,
the final COD concentration was comparable to that
obtained without aeration.

The COD removal in the treatment without aeration
of the synthetic textile effluent (Figure 2b) exhibited
a predominant decreasing trend, with a maximum
removal of 80% at 25 min. When the aeration was
implemented, the COD levels followed an oscillatory

trend, with removal peaks of 20% at 5 min and 51% at
15 min. After 15 min, significant removals were not
achieved, and the COD concentration increased even
above its initial value. This increment may be associated
with the presence of the dissolved aluminium species
described by Larry D, Joseph F and Barrow L, 1982;
Gerasko et al., 1993; Bayramoglu, 2004; Kobya et al.,
2006; Mouedhen et al., 2008.

The optimal time was defined as that yielding the
highest removals of COD. Given that turbidity and
colour were completely removed in the first minutes of
treatment for both types of water, the optimal residence
time corresponded to the peaks of 30% and 80% for
the pharmaceutical effluent and synthetic water in the
reactor without aeration, with values of 40 min and 25
min in each case. The residence time was also defined
as one of the most sensitive variables due to the oscil-
lations in COD removal upon prolonged operation and
overmixing. This oscillatory trend is associated with the
destruction of flocs generated by extended treatment
periods (Abdelwahab, Amin and El-Ashtoukhy, 2009;
Trinh et al., 2021).
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Figure 2. COD removal in the EC treatment of the
pharmaceutical (a) and synthetic textile (b) wastewater
effluents.

The implementation of aeration led to a significant
improvement in treatment time for both waters, result-
ing in reductions of up to 80% of the residence time for
achieving maximum removals. This behaviour is caused
because the presence of air enhances the movement of
sludge in the reactor and the removal of contaminants
by adsorption and sweeping phenomena (Abdelwahab,
Amin and El-Ashtoukhy, 2009; Kumar, Nidheesh and
Suresh Kumar, 2018; Akansha et al., 2020). As result,
the treatment time for pharmaceutical effluent was
reduced from 40 min to 10 min, while the maximum
COD removal percentage increased from 30% to 56%.
Despite this improvement in the pharmaceutical ef-
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fluent, the maximum COD removal of the synthetic
effluent decreased from 80% to 51%, and the treatment
time decreased from 25 min to 15 min. In previous
studies, this decline in removal efficiency has been
attributed to overmixing. High levels of aeration may
induce excessive mixing, leading to the disintegration
of the sludge and the subsequent re-solubilization of
contaminants. The implications of these findings are
significant in an industrial context, as they underscore
the necessity to fine-tune the aeration flow rate. Moreo-
ver, these results demonstrate that intense agitation may
potentially undermine the benefits of electrocoagulation
compared to other treatment methods.

CONCLUSIONS

In this study, EC was used to treat wastewater from
a pharmaceutical industry and a synthetic effluent was
prepared according to the dosages used by industries in
the textile sector. For the pharmaceutical effluent, the
Al/Al combination with a current density of 104.4 A/m?
produced maximum removals of 30% COD and 100%
turbidity after 40 min of treatment. Incorporation of
aeration reduced the treatment time to 10 min and in-
creased COD removal to 56%, maintaining total turbid-
ity reduction. Therefore, optimal conditions for treating
this effluent include the use of aluminium electrodes, a
current density of 104.4 A/m?, and a residence time of
10 min implementing high-rate aeration in the reactor.
For the synthetic textile effluent, the evaluation of the
same combinations of electrode materials showed that
aluminium electrodes and 64.9 A/m? current density
produced the optimum results, with an 80% reduction
in COD load and 100% colour elimination at 25 min of
treatment. After implementing aeration, the optimal
treatment time was reduced to 15 min, but maximum
COD removal dropped to 51%. Overall, these results
show that the improvement of the process should be
conducted based on a target parameter. For instance, if
the goal is to reduce residence time in the batch reactor,
the introduction of aeration would be beneficial, albeit
at the expense of COD removal, and vice versa. Given
the substantial benefits that EC presents over alternative
methods, it remains crucial to optimize the integration
of aeration. As demonstrated in this study, including
external high-rate aeration into the EC system may
enhance certain parameters but markedly diminish
the overall efficiency of the process.

ACKNOWLEDGMENTS

The authors of this study acknowledge the support of
Maria Dolores Rovira, Carmen Menjivar, Rodrigo Rivas,
Guadalupe Arevalo, Ismael Recinos, and Josue Valdez.
Likewise, we would like to express our deepest gratitude
to Rosa Nomen, from IQS-Ramon Llul University, for
her mentorship during the project.

256 | AFINIDAD LXXXI, 603

DECLARATION OF COMPETING
INTERESTS

The authors declare no known competing financial
interests or personal relationships that could have ap-
peared to influence the results reported in this paper.

Index of Abbreviations

AU.:  Absorbance units

BOD: Biological Oxygen Demand
COD:  Chemical Oxygen Demand
EC: Electrocoagulation

NTU: Nephelometric Turbidity Unit
TOC: Total Organic Carbon

TSS:  Total Suspended Solids

REFERENCES

1. Abdelwahab, O., Amin, N.K. and El-Ashtoukhy,
E.S.Z. (2009) ‘Electrochemical removal of phenol
from oil refinery wastewater’, Journal of Hazar-
dous Materials, 163(2-3). Available at: https://doi.
org/10.1016/j.jhazmat.2008.07.016.

2. Adhoum, N. and Monser, L. (2004) ‘Decolouriza-
tion and removal of phenolic compounds from olive
mill wastewater by electrocoagulation’, Chemical
Engineering and Processing: Process Intensifica-
tion, 43(10). Available at: https://doi.org/10.1016/j.
cep.2003.12.001.

3. Akansha,]. et al. (2020) ‘Treatment of dairy indus-
try wastewater by combined aerated electrocoa-
gulation and phytoremediation process’, Chemos-
phere, 253. Available at: https://doi.org/10.1016/j.
chemosphere.2020.126652.

4. American Public Health Association (2018) ‘5220
CHEMICAL OXYGEN DEMAND (COD), in Stan-
dard Methods For the Examination of Water and
Wastewater.

5. ASTM (2001) ‘Standard Specification for Elec-
trodeposited Coatings of Zinc on Iron and Steel
1, Test, 03.

6. Bahrodin, M.B. et al. (2021) ‘Recent Advances
on Coagulation-Based Treatment of Wastewater:
Transition from Chemical to Natural Coagulant’,
Current Pollution Reports. Available at: https://
doi.org/10.1007/s40726-021-00191-7.

7. Baiza, R. et al. (2016) Diseiio de un sistema de
electrocoagulacion para el tratamiento de aguas
residuales provenientes de una industria alimen-
ticia. Universidad Centroamericana ‘José Simeén
Canas’.

8. Barrera-Diaz, C.E., Balderas-Herndndez, P. and
Bilyeu, B. (2018) ‘Electrocoagulation: Fundamentals
and prospectives’, in Electrochemical Water and
Wastewater Treatment. Available at: https://doi.
org/10.1016/B978-0-12-813160-2.00003-1.

9. Bayramoglu, M. (2004) ‘Operating cost analysis of
electrocoagulation of textile dye wastewater’, Sepa-
ration and Purification Technology, 37(2). Available
at: https://doi.org/10.1016/s1383-5866(03)00241-7.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bener, S. et al. (2019) ‘Electrocoagulation process
for the treatment of real textile wastewater: Effect
of operative conditions on the organic carbon
removal and kinetic study’, Process Safety and
Environmental Protection, 129. Available at: https://
doi.org/10.1016/j.psep.2019.06.010.

Bisschops, I. and Spanjers, H. (2008) ‘Environmental
Technology Literature review on textile wastewater
characterisation LITERATURE REVIEW ON TEX-
TILE WASTEWATER CHARACTERISATION,,
Environmental Technology, 24.

Chaabane, T. et al. (2013) ‘Treatment of pharma-
ceutical effluent by electrocoagulation coupled to
nanofiltration’, Desalination and Water Treatment,
51(25-27). Available at: https://doi.org/10.1080/19
443994.2013.808784.

Corcoran, E. et al. (2010) Sick Water? The Central
Role of Wastewater Management in Sustainable
Development: A Rapid Response Assessment, UN
Habitat.

Crini, G. and Lichtfouse, E. (2019) ‘Advantages and
disadvantages of techniques used for wastewater
treatment’, Environmental Chemistry Letters. Avai-
lable at: https://doi.org/10.1007/s10311-018-0785-9.
Gerasko, O.A. et al. (1993) “The Chemistry of Aqua
lons, Angew. Chem., Int. Ed. Engl, 64(2).
Hamaidi-Chergui, F. and Brahim Errahmani, M.
(2019) “Water quality and physicochemical parame-
ters of outgoing waters in a pharmaceutical plant’,
Applied Water Science, 9(7). Available at: https://
doi.org/10.1007/s13201-019-1046-1.

Hashim, K.S. et al. (2020) ‘Electrocoagulation as
an Eco-Friendly River Water Treatment Method’,
in Lecture Notes in Civil Engineering. Available
at: https://doi.org/10.1007/978-981-13-8181-2_17.
Islam, S.M.D.U. (2019) ‘Electrocoagulation (EC)
technology for wastewater treatment and pollutants
removal’, Sustainable Water Resources Manage-
ment, 5(1). Available at: https://doi.org/10.1007/
540899-017-0152-1.

Khalaf, A.M., Mubarak, A.A. and Nosier, S.A. (2016)
‘Removal of Cr(VI) by electrocoagulation using
vertical and horizontal rough cylinder anodes’,
International Journal of Electrochemical Science,
11(2). Available at: https://doi.org/10.1016/s1452-
3981(23)15944-x.

Khalifa, O. et al. (2020) ‘Performance tests and re-
moval mechanisms of aerated electrocoagulation in
the treatment of oily wastewater’, Journal of Water
Process Engineering, 36. Available at: https://doi.
org/10.1016/j.jwpe.2020.101290.

Khandegar, V. and Saroha, A.K. (2013) ‘Electro-
coagulation for the treatment of textile industry
effluent - A review’, Journal of Environmental Ma-
nagement. Available at: https://doi.org/10.1016/j.
jenvman.2013.06.043.

Kishor, R. et al. (2021) ‘Ecotoxicological and health
concerns of persistent coloring pollutants of textile
industry wastewater and treatment approaches for
environmental safety’, Journal of Environmental
Chemical Engineering, 9(2). Available at: https://
doi.org/10.1016/j.jece.2020.105012.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Kobya, M. et al. (2006) ‘Treatment of potato chips
manufacturing wastewater by electrocoagulation’,
Desalination, 190(1-3). Available at: https://doi.
org/10.1016/j.desal.2005.10.006.

Kumar, A., Nidheesh, P. V. and Suresh Kumar, M.
(2018) ‘Composite wastewater treatment by aerated
electrocoagulation and modified peroxi-coagula-
tion processes’, Chemosphere, 205. Available at:
https://doi.org/10.1016/j.chemosphere.2018.04.141.
Larry D, B., Joseph F, ].J. and Barrow L, W. (1982)
Process chemistry for water and wastewater
treatment, Prentice-Hall.

Lépez-Guzman, M., Flores-Hidalgo, M.A. and
Reynoso-Cuevas, L. (2021) ‘Electrocoagulation
process: An approach to continuous processes,
reactors design, pharmaceuticals removal, and
hybrid systems—a review’, Processes. Available at:
https://doi.org/10.3390/pr9101831.

Mouedhen, G. et al. (2008) ‘Behavior of aluminum
electrodes in electrocoagulation process’, Journal of
Hazardous Materials, 150(1). Available at: https://
doi.org/10.1016/j.jhazmat.2007.04.090.

Moussa, D.T. et al. (2017) ‘A comprehensive review
of electrocoagulation for water treatment: Poten-
tials and challenges’, Journal of Environmental
Management. Available at: https://doi.org/10.1016/j.
jenvman.2016.10.032.

Naje, A.S. and Abbas, S.A. (2013) ‘Electrocoagu-
lation Technology in Wastewater Treatment: A
Review of Methods and Applications’, Civil and
Environmental Research, 3(11).

Nariyan, E., Aghababaei, A. and Sillanpéa, M. (2017)
‘Removal of pharmaceutical from water with an
electrocoagulation process; effect of various para-
meters and studies of isotherm and kinetic’, Sepa-
ration and Purification Technology, 188. Available
at: https://doi.org/10.1016/j.seppur.2017.07.031.
Nidheesh, P. V. et al. (2022) ‘Emerging applications,
reactor design and recent advances of electrocoagu-
lation process’, Process Safety and Environmental
Protection. Available at: https://doi.org/10.1016/j.
psep.2022.08.051.

Nidheesh, P. V. and Gékkus, O. (2023) ‘Aerated
iron electrocoagulation process as an emerging
treatment method for natural water and wastewa-
ter’, Separation Science and Technology (Philadel-
phia). Available at: https://doi.org/10.1080/014963
95.2023.2227913.

Rana, R.S. et al. (2017) ‘A review on characterization
and bioremediation of pharmaceutical industries’
wastewater: an Indian perspective’, Applied Wa-
ter Science. Available at: https://doi.org/10.1007/
513201-014.-0225-3.

Rathoure, A K. and Dhatwalia, V.K. (2015) Toxicity
and waste management using bioremediation,
Toxicity and Waste Management Using Bioreme-
diation. Available at: https://doi.org/10.4018/978-
1-4666-9734-8.

Rusdianasari et al. (2019) ‘Effectiveness of Elec-
trocoagulation Method in Processing Integrated
Wastewater Using Aluminum and Stainless Steel
Electrodes), in Journal of Physics: Conference Se-

AFINIDAD LXXXI, 603 257



36.

37.

38.

39.

40.

41.

ries. Available at: https://doi.org/10.1088/1742-
6596/1167/1/012040.

Shahedi, A. et al. (2020) ‘A review on industrial was-
tewater treatment via electrocoagulation processes’,
Current Opinion in Electrochemistry. Available at:
https://doi.org/10.1016/j.coelec.2020.05.009.
Sirés, I. and Brillas, E. (2012) ‘Remediation of water
pollution caused by pharmaceutical residues based
on electrochemical separation and degradation
technologies: A review’, Environment Interna-
tional. Available at: https://doi.org/10.1016/j.en-
vint.2011.07.012.

Syam Babu, D., Nidheesh, P. V. and Suresh Kumar,
M. (2021) ‘Arsenite removal from aqueous solution
by aerated iron electrocoagulation process’, Se-
paration Science and Technology (Philadelphia),
56(1). Available at: https://doi.org/10.1080/014963
95.2019.1708932.

Tezcan, U. and Oduncu, E. (2014) ‘Electrocoa-
gulation of Landfill Leachate with Monopolar
Aluminum Electrodes’, Journal of Clean Energy
Technologies [Preprint]. Available at: https://doi.
org/10.7763/jocet.2014.v2.82.

Trinh, D.T.T. et al. (2021) ‘Evaluation of Magnetic
Stirring and Aeration on Electrocoagulation Perfor-
mance in Actual Industrial Treatment’, Frontiers
in Environmental Science, 9. Available at: https://
doi.org/10.3389/fenvs.2021.719248.

Zhang, X., Lin, H. and Hu, B. (2016) ‘Phosphorus
removal and recovery from dairy manure by elec-
trocoagulation’, RSC Advances, 6(63). Available at:
https://doi.org/10.1039/c6ra06568f.

258 | AFINIDAD LXXXI, 603





