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Abstract: Water organic pollution has become a major issue. A large number of people suffer from the
decline in water quality. In addition, polluted water can lead to health problems or excessive deaths.
In this regard, an increasingly important method for efficient water treatment is electrocoagulation
(EC), the technology that encompasses a small equipment size combined with a simple operation
compared to other water treatment methods. The importance of EC is especially accentuated by the
recent decarbonization efforts due to the increasing availability of renewable electricity systems. This
review provides an overview of the most recent developments in EC technology as it pertains to
wastewater treatment. The EC is preferred for organic wastewater treatment over other traditional
treatment methods due to its easy setup and low material costs. Moreover, the EC is very powerful
in destabilizing organic impurities by charge neutralization and then coagulating to form flocs. In
addition, EC has shown high efficiency not only in removing various organic pollutants but also in
emerging persistent contaminants, such as microplastics. For these reasons, the EC mechanisms and
related functional modalities are reviewed, as well as extensive details are provided on the diversity
of the removed contaminants. Overall, this review provides significant new knowledge of interest for
environmental chemical researchers in particular and engineers in general on the details of the EC
technology for wastewater treatment and water purification.

Keywords: electrocoagulation; microplastics; antibiotics; perfluoroalkyl substances; perfluorooctanoic
acid

1. Introduction

Water resource availability and quality-related problems have become very signif-
icant [1,2]. These problems are a result of the population increase, which spurred the
industry growth necessary to develop and sustain the global economy [3,4]. As a re-
sult, more contaminants, including but not limited to heavy metals and complex organic
molecules, have experienced a high influx into aquatic resources [2,5]. Indeed, the need
for clean water has been intertwined with the increase in the population [3,6]. The world
population increased from 7 to 7.84 billion from 2011 to 2021 [7]. It was reported that
the population will reach 9.69 billion in 2050 [8]. However, Figure 1 shows that already a
large portion of the population across the globe lacks access to clean drinking water. An
estimated ~1.0 billion still have no access to safe drinking water [9]. On the other hand, in
South Africa alone, there are ~7589 megaliters per day of wastewater produced [10]. Finally,
the agricultural sector uses around 75% of the freshwater, while freshwater forms less than
1% of the water resources on the earth [11]. The need and the opportunities abound not
only to treat the diverse streams of wastewater to remove harmful contaminants, but also
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to recover elements for reuse and recycling for the circular economy, such as nitrogen,
phosphorus, and noble metals, including gold, silver, or palladium.
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Figure 1. The number of individuals who lack access to clean water (2020) according to the 
WHO/UNICEF, Joint Monitoring Program for Water Supply and Sanitation. Reprinted from Our 
World in Data. (Interactive on the website (https://ourworldindata.org/water-access, accessed on 17 
April 2023)). 

The United Nations Environmental Program (UNEP) reported that more than 80% 
of the wastewater generated is still released untreated [12]. This constitutes around 2 mil-
lion tons of wastewater released every day from industry, sewage, and agriculture [13]. 
Therefore, the discharge of wastewater is more than six times the freshwater available 
around the world [13]; hence, water pollution is a major problem. In this regard, classify-
ing types of pollution is critical in choosing the right treatment method. One classification 
method categorizes water contaminants according to their sources into nine types, as 
shown in Figure 2 [13]. 

 

Figure 1. The number of individuals who lack access to clean water (2020) according to the
WHO/UNICEF, Joint Monitoring Program for Water Supply and Sanitation. Reprinted from Our
World in Data. (Interactive on the website (https://ourworldindata.org/water-access, accessed on
17 April 2023)).

The United Nations Environmental Program (UNEP) reported that more than 80% of
the wastewater generated is still released untreated [12]. This constitutes around 2 million
tons of wastewater released every day from industry, sewage, and agriculture [13]. There-
fore, the discharge of wastewater is more than six times the freshwater available around
the world [13]; hence, water pollution is a major problem. In this regard, classifying types
of pollution is critical in choosing the right treatment method. One classification method
categorizes water contaminants according to their sources into nine types, as shown in
Figure 2 [13].
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Namely:

(1) Point pollution sources, with this type of pollution originating from a single loca-
tion [14]; if a specific location is found, then quantitative measurements can be made
to perform the numerical description of pollution [15]. Therefore, treating the origin
point source may solve the related pollution.

(2) Non-point pollution sources with more than one pollution origin source. This is a
complicated pollution source type and not easy to be described quantitatively [16].
The non-point source might contain different types of pollution, such as pathogens
and industrial dyes. Therefore, all these sources of pollution should be treated.

(3) Transboundary pollution source type, which is located in the rivers between coun-
tries [17]. With the help of the rivers, contaminants are crossing from one country
to another.

(4) Groundwater pollution source deep under the earth’s surface. The main problem
with this type comes from it being invisible and inaccessible to treat [18]. In addition,
water of this type can be naturally contaminated and carry heavy metals, such as iron,
arsenic, and manganese. Therefore, it can be identified when it is too late.

(5) Surface water pollution source, which is mainly caused by industrial waste [19]. These
wastes are typically concentrated on the surface waters. Hence, the quality of the
resources is affected.

(6) Pathogenic pollution source, which contains microbial types, leading to dangerous
diseases, such as salmonella [20].

(7) Thermal pollution source, which generates pollution affecting the temperature of
water, leading to changes in its physical characteristics [21]. In this case, some biota
could be affected because not all can acclimate to the temperature variation.

(8) Radioactive pollution sources are mainly located in the nuclear industries [22]. This
source directly produces radiation from radioactive elements, such as uranium. In
addition, the radiation elements might be stored in the marine organisms to be
transported to humans, leading to cancerous diseases.

(9) Chemical pollution sources that mainly exist in industrial activities and wastes. These
chemicals contain toxic compounds located in water resources [23].

Additional classification methods of the contaminants can be grouped into three
types of contaminants, namely, Inorganic Contaminants (IOCs) (including arsenic and
nitrate), Organic Contaminants (OCs) comprised of Volatile Organic Contaminants (VOCs),
and Synthetic Organic Contaminants (SOCs), as shown in Figure 3, together with some
representative examples presented.
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The Environmental Protection Agency (EPA), in the National Primary Drinking Water
Regulations (NPDWR), defined primary standards for the public water system to estimate
the maximum allowed level and the goal of organic contaminants in drinking water, as
shown in Table 1.

Table 1. The Maximum Contaminant Level Goal (MCLG) and the Maximum Contaminant Level
(MCL) of organic contaminants for drinking water according to NPDWR [24].

Contaminant MCLG (mg/L) MCL or TT (mg/L)

Acrylamide 0.0 0.05% dosed at 1 mg/L (or equivalent)
Alachlor 0.0 0.002
Atrazine 0.003 0.003
Benzene 0.0 0.005
Benzo(a)pyrene (PAHs) 0.0 0.0002
Carbofuran 0.04 0.04
Carbon tetrachloride 0.0 0.005
Chlordane 0.0 0.002
Chlorobenzene 0.1 0.1
2,4-D 0.07 0.07
Dalapon 0.2 0.2
1,2-Dibromo-3-chloropropane (DBCP) 0.0 0.0002
o-Dichlorobenzene 0.6 0.6
p-Dichlorobenzene 0.075 0.075
1,2-Dichloroethane 0.0 0.005
1,1-Dichloroethylene 0.007 0.007
cis-1,2-Dichloroethylene 0.07 0.07
trans-1,2-Dichloroethylene 0.1 0.1
Dichloromethane 0.0 0.005
1,2-Dichloropropane 0.0 0.005
Di(2-ethylhexyl) adipate 0.4 0.4
Di(2-ethylhexyl) phthalate 0.0 0.006
Dinoseb 0.007 0.007
Dioxin (2,3,7,8-TCDD) 0.0 0.00000003
Diquat 0.02 0.02
Endothall 0.1 0.1
Endrin 0.002 0.002
Epichlorohydrin 0.0 0.01% dosed at 20 mg/L (or equivalent)
Ethylbenzene 0.7 0.7
Ethylene dibromide 0.0 0.00005
Glyphosate 0.7 0.7
Heptachlor 0.0 0.0004
Heptachlor epoxide 0.0 0.0002
Hexachlorobenzene 0.0 0.001
Hexachlorocyclopentadiene 0.05 0.05
Lindane 0.0002 0.0002
Methoxychlor 0.04 0.04
Oxamyl (Vydate) 0.2 0.2
Polychlorinated biphenyls (PCBs) 0.0 0.0005
Pentachlorophenol 0.0 0.001
Picloram 0.5 0.5
Simazine 0.004 0.004
Styrene 0.1 0.1
Tetrachloroethylene 0.0 0.005
Toluene 1.0 1.0
Toxaphene 0.0 0.003
2,4,5-TP (Silvex) 0.05 0.05
1,2,4-Trichlorobenzene 0.07 0.07
1,1,1-Trichloroethane 0.20 0.2
1,1,2-Trichloroethane 0.003 0.005
Trichloroethylene 0.0 0.005
Vinyl chloride 0.0 0.002
Xylenes (total) 10 10

MCLG: Maximum Contaminant Level Goal—The level of a contaminant in drinking water, below which there is
no known or expected health risk. MCLGs allow for a margin of safety and are non-enforceable public health
goals. MCL: Maximum Contaminant Level—The allowed highest level of a contaminant in drinking water. MCLs
are set as close to MCLGs as feasible, using the best available treatment technology and considering the cost.
MCLs are enforceable standards. TT: Treatment Technique—A required process intended to reduce the level of a
contaminant in drinking water.
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Numerous biological, physical, and chemical technologies are used to treat wastewa-
ter [25]. The biological methods are insufficient due to their long start-up time and the need
for several post-treatments to completely remove the biological contaminants [26,27]. The
physical methods do not always reach the discharge limit, as well as incur high costs [28].
On the other hand, using a chemical technique might be ineffective, and it could cause
secondary pollution [29]. Recently, more effective technologies have been proposed and
investigated, such as ozonation, UV H2O2, persulfate process, and solar TiO2, and they
showed high effectiveness for organic compound decomposition at lower cost [30].

An emerging method to treat both drinking and wastewater is electrocoagulation (EC),
which was primarily developed to be used for wastewater treatment [31]. Figure 4 shows
the increased number of publications on EC for contaminant removal from wastewater.
It is widely applied, due to its effectiveness, toward organic and inorganic contaminants
alike [32]. It has been used to treat pharmaceutical, petroleum, textile, pulp and paper, dairy,
and municipal wastewater [33–36]. It also has a high ability to treat drinking water [37]. On
the other hand, EC has its disadvantages, such as high energy consumption, the passivation
of electrodes, and the possibility of generating secondary contaminants [38]. Therefore,
EC might be combined with other treatment methods to be more efficient and to improve
its economic efficiency [39]. EC has been proposed to be more effective than chemical
coagulation (CC) when it comes to both cost and efficiency [37,40]. The CC process requires
chemicals to purify wastewater. On the other hand, EC does not need additional chemicals,
which decreases secondary pollution and simplifies the overall operation. Thus, EC tends
to be more attractive than chemical approaches.

Separations 2023, 10, x FOR PEER REVIEW 6 of 37 
 

 

and paper, dairy, and municipal wastewater [33–36]. It also has a high ability to treat 
drinking water [37]. On the other hand, EC has its disadvantages, such as high energy 
consumption, the passivation of electrodes, and the possibility of generating secondary 
contaminants [38]. Therefore, EC might be combined with other treatment methods to be 
more efficient and to improve its economic efficiency [39]. EC has been proposed to be 
more effective than chemical coagulation (CC) when it comes to both cost and efficiency 
[37,40]. The CC process requires chemicals to purify wastewater. On the other hand, EC 
does not need additional chemicals, which decreases secondary pollution and simplifies 
the overall operation. Thus, EC tends to be more attractive than chemical approaches. 

 
Figure 4. The number of published articles containing the word “electrocoagulation” in the article 
title, abstract, or keywords from 2000 to 2022, as obtained from Scopus. 

In its simplest embodiment, EC is comprised of an electrolytic cell with two sacrificial 
electrodes, an anode and a cathode, for the oxidation and reduction processes, respec-
tively, as shown in Figure 5 [35,41,42]. 

 
Figure 5. The EC mechanism of contaminant removal. 

The electric current passes through the electrodes, and the anode loses electrons, 
while the cathode gains them. These electrons can oxidize the contaminant and perform 
water hydrolysis (OH- formation) [43]. On the other side, at the anode, the loss of electrons 
causes metal ion formation [41,44]. Therefore, metal hydroxides are created, which inter-
act with contaminants to form flocks containing metal hydroxide and contaminants 

Figure 4. The number of published articles containing the word “electrocoagulation” in the article
title, abstract, or keywords from 2000 to 2022, as obtained from Scopus.

In its simplest embodiment, EC is comprised of an electrolytic cell with two sacrificial
electrodes, an anode and a cathode, for the oxidation and reduction processes, respectively,
as shown in Figure 5 [35,41,42].

The electric current passes through the electrodes, and the anode loses electrons, while
the cathode gains them. These electrons can oxidize the contaminant and perform water
hydrolysis (OH- formation) [43]. On the other side, at the anode, the loss of electrons causes
metal ion formation [41,44]. Therefore, metal hydroxides are created, which interact with
contaminants to form flocks containing metal hydroxide and contaminants adsorbed on
the surface [35,36]. These flocks float on the surface of the wastewater [45]. In this regard,
the EC mechanism can be divided into seven steps. These steps include (1) the formation
of cations at the anode and (2) hydrolysis by the cathode, resulting in the formation of
hydroxyl ions. In addition, the interaction between cations and hydroxyl ions leads to (3) the
formation of metal hydroxide. Further, (4) the pollutants are oxidized and (5) neutralized by
the metal hydroxide. The charge neutralization results in (6) the adsorption of destabilized
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contaminants on the surface of metal hydroxide, leading to the formation of flocks. Finally,
(7) the H2 gas generated at the cathode causes the flocks to rise to the surface of the water.
These phenomena of charge neutralization, coagulation, and flotation are all important in
the degradation process.
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EC is a promising technique due to its wide range of advantages. Mousa et al. outlined
most of the EC advantages, including no secondary contaminants because there are no
external chemicals added to the process. The pollutants can be removed easily as they float
up to the solution surface as a result of the continuous production of gas bubbles from the
cathode. Moreover, it is based on a simple experimental setup [46].

Numerous reviews have discussed the EC and its efficiency in the last few years. For
instance, Shokri et al. focused on EC application in the oil industry and investigated the
parameters affecting the process [45]. Liu et al. have performed a systematic review of the
removal of single-type contaminant microplastics (MPs) from wastewater using the EC [47].
The source of MPs, toxicity, and their occurrence was discussed. Das et al. summarized
modern EC advancements and parameters affecting the EC [48]. The review provided an
overview of the EC and then discussed its mechanism [48]. Mousa et al. reviewed the EC
for wastewater treatment [46]. They discussed the theory and history of EC, its merits and
demerits, applications, and challenges [46]. Zaied et al. studied the pharmaceutical removal,
operating parameters, and development of EC technology [33]. Butler et al. made a large
study on the EC process and focused on optimization, instruments, and various wastewater
sources [49]. Boinapally et al. took up many points in their work, including mechanisms,
applications, operations, and challenges [50]. Y. Liu et al. reported that EC has been
adopted because of the merits of increased efficiency and reduced energy consumption [51].
They have reported previous studies removing PFOA from wastewater with a removal
efficiency of 99.7%, and 90% using EC for Zn and Fe electrodes, respectively [51]. Patel
et al. treated the wastewater using the EC process from color and turbidity, with a removal
efficiency of 71.91% and 100%, respectively [52].

Despite the numerous advantages of using EC for the removal of pollutants from
water, there are still some gaps in the studies of EC for the removal of certain contaminants.
For instance, there is a lack of research on the EC of some specific compounds, such as
methoxychlor, picloram, toxaphene, lindane, benzylpenicillin, nafcillin, and oxacillin. In
addition, some compounds, such as ampicillin, need more investigations to optimize the EC
process and reach high efficiency, which will be discussed in the current review. Moreover,
the EC efficiency for the removal of some categories of compounds, such as the second
generations of cephalosporin, most glucocorticoids, and anticonvulsants, is not yet fully
understood. Thus, further research is needed to optimize the EC process for the removal of
various pollutants, especially for those categories of compounds that are not well-studied.



Separations 2023, 10, 337 7 of 36

The present work expands upon the available studies, encompassing a comprehensive
list of contaminants, while differentiating between their types, as well as between contami-
nant removal efficiencies, optimum conditions, and resource recovery. It also addresses
other emerging organic contaminants, such as those related to agricultural runoff. Further-
more, the pharmaceutics and microplastics removal has been addressed. In addition, the
challenges have been discussed, with some suggestions to face these challenges.

2. Organic Contaminants Removal

Organic contaminants are toxic substances containing carbon atoms. This organic
pollution is mostly produced by industrial processes. With increasing industrialization,
it is expected that organic contaminants will only increase in the environment. Organic
contaminants do not naturally degrade or decompose in the aquatic ecosystem. In addi-
tion, they are hard to degrade using conventional treatment methods. That leads to the
persistence of organic contaminants in water. These toxic compounds can lead to numerous
environmental problems. Organic pollution may be transported to the animals by bioaccu-
mulation [53], harming aquatic organisms and destroying the aquatic system [54]. Further,
human health can be affected by organic contaminants due to related diseases caused by
mutagenic, carcinogenic, and teratogenic organic contaminants [55]. Therefore, the organic
pollution problem is considered one of the most important that can be addressed via EC.

The organic contaminants are categorized into nine categories, including perfluo-
roalkyl substances (PFAS), perfluorooctanoic acid (PFOA), microplastics, pharmaceuticals,
etc., as shown in Figure 6a,b.
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2.1. Perfluoroalkyl Substances (PFAS)

In the late 1940s, synthetic PFAS, a class of organic molecules with a carbon backbone
completely encircled by fluorine atoms, were developed [56,57]. Because of the extraor-
dinarily strong (115 kcal/mol) C-F bonds, PFAS have exceptional physical and chemical
stability [56,57]. PFAS have been produced in large quantities and effectively used as
surface protectors and surfactants in a wide range of industrial and domestic productions,
including mist suppressants in the firefighting foams, food packaging, and chrome plat-
ing industry, in addition to surfactants in textile products [56,57]. As a result, PFAS are
now widely distributed throughout a variety of biological and abiotic matrices across the
world [56].

Particularly, it has been acknowledged that the extensive presence of PFAS inside
the aquatic system is a critical developing problem [56]. Diverse treatment methods for
removing PFAS have received attention in recent years. To remove PFASs from wastewater,
charcoal or electrochemical resins have been utilized. However, these methods have several
drawbacks, including low capacity, quick breakthrough, and challenging regeneration of
spent sorbent [57]. In addition, sorption methods merely transfer contaminants without de-
stroying their molecular structure, and off-site burning of the used sorbent is still required,
which may provide additional risks [57]. Furthermore, it is technically and economically
unfavorable to use these methods to treat significant amounts of diluted PFAS wastewa-
ter [57]. Short-chain PFAS may be degraded using the same processes as long-chain PFAS,
such as oxidation/reduction, electrochemical reaction, and photocatalysis. However, they
may work better at larger PFAS concentrations and a slower rate [56].

EC was also applied to remove PFAS, as displayed in Table 2 [56]. In EC, charged
cations (such as Zn2+, Al3+, and Fe3+) are generated at the sacrificial anode, while the
polymeric hydroxyl complicated species are simultaneously created [57]. These species
can effectively bind to certain contaminants to be removed from polluted water [57]. Due
to its superior removal effectiveness, low energy consumption, and quick treatment time,
periodically reversing electrocoagulation (PREC) has drawn a lot of interest to remove
PFAS. PREC primarily created a variety of various cations before sacrificing the alternate
anode to make complicated flocs [56]. Adsorption and condensation of flocs, which were
then transported to the surface of the solution by floating by H2 and O2 generated during
the PREC process, allowed for the purification of the dissolved contaminants. PREC with
Al-Zn electrodes was utilized, and the highest removal rates for PFOS and PFOA separately
in 10 min were 100% and 99.6%, respectively [56,57].

2.1.1. Perfluorooctanoic Acid (PFOA)

Due to the C-F bond that is present in perfluorooctanoic acids, it exhibits great surface
activity and heat resistance, which makes it very resistant to being eliminated [58,59].
PFOA is durable, and it is applied in a large number of industries [58]. As a result, PFOA is
present in industrial wastewater in high concentrations reaching 1650 mg/L [58]. It was
also reported that PFOA is extensively present in watercourses, groundwater, animals,
semen and breast milk samples, and humanoid blood [58,59]. Intake of PFOA could lead
to several risky disorders, such as thyroid defect, gestational hypertension, and ulcerative
colitis, and could cause cancers in the kidney and testicles [58]. Li et al. investigated the
effect of adding ZnCl to the EC process [58]. (AL1050) was used as the electrode material,
and the gap between the electrodes was ~1 cm, with a current of 1 A at 150 volts, and the
initial concentration of PFOA was 1 mM [58]. The zinc chloride kept the pH from changing,
which resulted in improving the elimination efficiency from 73.7% to 99% [58]. Singh
et al. utilized a combination of several methods for the elimination of perfluorooctanoic
acid [59]. In particular, the EC was carried out at a pH of 3.6, electrodes made of Fe, an
initial concentration of 100 mg/L of PFOA, and a current density of 78.34 A/m2 [59]. More
than 90% elimination efficiency was achieved within 1 hour of operation [59]. Kim et al.
investigated the effect of the EC process on the elimination of PFOA. They used Fe as the
electrode material, and they maintained the gap between the electrodes at 2 cm [60]. The
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EC procedure accomplished 65% of fluorine removal after mineralizing PFOA, with 60%
elimination of organic carbon (TOC) within 6 h [60]. Mu et al. used EC with an air-cathode,
with the goal of PFOA and PFOS to be removed from wastewater with minimal energy use.
(PFOA) and perfluorooctane sulfonate (PFOS) removed from an aqueous solution by Zn
anode showed encouraging results of about 89.0 ± 2.8% and 69–81%, respectively [61]. EC
studies to remove PFOA are summarized in Table 2.

2.1.2. Perflourodecanoic Acid (PFDA)

Perflourodecanoic Acid (PFDA) is a long-chain PFAS. Its widespread use in firefighting
foams, paper coating, textiles, kitchenware, cosmetics, polymer synthesis, and polishes has
led to significant detection of it in the aqueous matrix [62]. The cytotoxicity of PFDA is
widely reported by both humans and wildlife by causing immunotoxicity, hepatotoxicity,
and developmental toxicity [62]. The need to address looming dangers to the environment
and public health has created a strong incentive to create effective methods for removing
PFAS from polluted water [62]. N. Nippatlapalli et al. removed PFDA from wastewater
using the EC process, with high efficiency equal to 99.96% using Fe-Al electrodes [63]. The
optimum pH was 7, and the current density was 37 mA/m2 [62].

2.1.3. Perfluorooctane Sulfonate (PFOS)

It has been proven that PFOS is harmful to humans [61]. Due to its great solubility
in water and extremely stable chemical structure, many individuals are still in danger of
exposure to this chemical, even though it is no longer manufactured or utilized in many
countries [61]. The outflow from wastewater treatment facilities may be a significant source
of PFOS since standard biological treatment techniques are unable to remove such contam-
inants from water, according to P. Zareitalabad et al. [63]. As an example of a persistent
organic contaminant, PFOS was added to the Stockholm Convention’s list of POPs in 2009,
which calls for limited uses everywhere [64]. Adsorption, ultrasonic irradiation, reverse
osmosis, photocatalysis, and electrochemical oxidation are a few recent examples of PFOS
removal methods that have advanced quickly [64]. The removal of PFOS was rendered chal-
lenging by the limitations of these technologies, which included high energy consumption,
constrained treatment conditions, and high cost [64]. Many different types of wastewater
have been treated using EC, an efficient electrochemical method that is also favorable to
the environment [64]. By reducing the electrode distance, enhancing the electrolyte con-
ductivity, and increasing the electrode surface area, expenses may be kept to a minimum
while still removing PFOS with great effectiveness [64]. Y. Liu et al. used the EC technique
to remove PFOS from wastewater [56]. They used Al as an anode and Zn as a cathode [56].
M. Li et al. studied the removal of PFOS from wastewater using the EC technique [64].
They used Fe as an anode and a cathode [64]. The operating parameters were pH 3 and
60 min. The results showed an excellent removal efficiency of almost 100% [64]. J. Bao et al.
used the EC process to remove PFOS from wastewater [65]. The results showed a removal
efficiency of 100% when Al anode and Zn cathode were used [65]. The pH of the reaction
was 7, while the reaction time was 120 min [65]. B. Yang et al. used the EC technique to
remove PFOS from wastewater [66]. The removal efficiency was 99.6% at a pH of 5.2, a
current density of 250 A/m2 and 120 min using Fe electrodes [66]. Y. Liu et al. studied the
removal of PFOS from wastewater using EC technology. Al is used as an anode material,
while Zn is used as a cathode material [56]. The result showed great success in removing
PFOS from wastewater, with a removal efficiency of 100% at pH7 in 10 min [56]. H. Shi et al.
used a Zn anode and SS cathode to remove PFOS from wastewater using the EC technique.
The results showed a removal efficiency of 90% at pH 3.8, and a current density varying
from 50 to 200 A/m2 in 120 min [57]. M. Li et al. used EC to remove PFOS. The usage of Fe
material as anode and cathode improved the removal efficiency, reaching 100% at pH 3 in
60 min [64]. Yu et al. showed great success in removing PFOS using the EC process. The
result showed that the usage of Al-Zn as anode–cathode material succeeded in removing
100% of PFOS from wastewater in 40 min [65]. B. Yang et al. used Fe electrodes in the EC
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process to remove PFOS from wastewater. The result showed that the removal efficiency
reached 99.6% at pH 5.2 in 50 min [66].

2.1.4. Perfluorobutanoic Acid (PFBA)

Perfluorobutanoic Acid (PFBA) is a short-chain PFAS [67]. PFBA is one of these sub-
stances that is relevantly exposed externally through food in Europe, contributing to nearly
16% of the overall PFAS exposure in adults, while only having very low serum/plasma
concentrations of about 0.01 ng/mL in the adult population [68]. This is caused by its
brief serum elimination half-life, which was observed to be a few days for nine exposed
employers: a median of 2.3 days, a range of 1.8–6.3 days [68]. Additionally, PFBA has
been found in human tissues, serum, and even the snow of a distant area in the European
Alps [67]. According to reports, PFBA predominated among the PFASs that were examined
in edible plants gathered from all around China [67]. PFBA’s toxicological information is
mostly restricted to very few vertebrates [67]. There is an association between the PFAS
chain length and cytotoxicity, with longer chains being more hazardous [67]. Y. Liu et al.
utilized the EC process to remove PFBA from wastewater. They used Al as an anode and
Zn as a cathode. The removal efficiency was 90.9% at pH 7 in 10 min [56].

2.1.5. Perfluorobutane Sulfonate (PFBS)

Because it has a shorter half-life in humans (approximately one month) than PFOS,
PFBS, a shorter-chained perfluorinated molecule, has been employed as an alternative [69].
As a result of rising consumption, it is anticipated that PFBS concentrations in the envi-
ronment will rise yearly [69]. However, PFBS is becoming an emergent environmental
contaminant of global concern due to its large-scale production and use [70]. PFBS is often
found in surface water, piped drinking water, and groundwater at concentrations of a few
hundred ng/L [70]. However, in waterways affected by the discharge of both industrial
and municipal wastes, PFBS can exceed g/L [70]. In contrast to PFOS, which has been the
subject of substantial research, just a few studies have examined the negative impacts of
PFBS on animals [70]. Rats subjected to both 300 and 1000 mg/kg/day of PFBS for 10 weeks
showed signs of hepatocellular hypertrophy and a rise in liver weight [70]. In mouse livers,
24 h of treatment to 300 mg/kg body weight of PFBS resulted in increased expression
of many PPAR, PPARy, and PXR target genes [70]. According to another research study,
adult female mice exposed to PFBS (200 mg/kg/day) for 14 days had lower blood levels
of total triiodothyronine and thyroxine [70]. Y, Liu et al. removed PFBS from wastewater
using Al-Zn electrodes in the EC process. The results showed that the removal efficiency
reached 91% in 10 min at pH 7 [56]. H. Shi et al. studied the removal of PFBS using the
EC technique. Zn was used as an anode material, while SS was used as a cathode material.
The removal efficiency was 54% in 120 min with a current density of 50–200 A/m2 [57]. J.
Bao et al. removed PFBS from wastewater using the EC process. They used Al as an anode
and Zn as a cathode. The removal efficiency reached 87.4% in 40 min at pH 7 [65].

2.1.6. Perfluorohexanoic Acid (PFHxA)

Y. Liu et al. removed PFHxA from wastewater using the EC technique. In this process,
the anode was Al, while the cathode was Zn. The initial concentration was 696 mg/L,
and the initial pH was 7. The results showed that the removal efficiency reached 31.3%
in 10 min [56]. H. Shi et al. studied the removal of PFHxA using EC technology from
wastewater. The anode material was Zn, while the cathode material was SS. The operating
parameters were pH of 3.8, current density ranging from 50 to 200 A/m2, and a time of
120 min. The results showed the removal efficiency was 81% [57].

2.1.7. Perfluoroheptanoic Acid (PFHpA)

Y. Liu et al. removed PFHpA from wastewater using Al as an anode material in the
EC process. Al-Zn was the anode and cathode material of the experiment. The initial
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concentration of PFHpA was 716 mg/L. In 10 min of the reaction, the removal efficiency of
PFHpA reached 56.9% at a pH of 7 [56].

2.1.8. Perfluorohexane Sulfonate (PFHxS)

J. Bao et al. utilized the EC process to remove PFHxS from wastewater. In this
experiment, Al was used as an anode, and Zn was used as a cathode. The result showed
that at a pH of 7, the removal efficiency reached 95.6% in 40 min [65]. Y. Liu et al. studied
the removal efficiency of PFHxS from wastewater using EC technology. In the experiment
section, Al was used as an anode material, while Zn was used as a cathode material. The
optimum parameters were that the initial concentration of PFHxS was 807 mg/L and the
pH 7, while the time was 10 min. The results showed that the removal efficiency was
88.2% [56].

Table 2. Perfluoroalkyl substances (PFAS) removal from aqueous solutions at different pH values
using the EC method.

No. Removed
Substance Anode Cathode Gap

(cm)
Concentration

(mg/L)
Efficiency
η (%) pH Time

(min)
Power
(A/m2) Ref.

1 PFOA Al Al 1 — 99 4–5 10 [58]
2 PFOA Fe Fe — — 10 9 360 800 [60]
3 PFDA Fe-Al Fe-Al 1 — 100 7 15 370 [62]
4 PFOA Zn Air — — 100 3.5 45 — [61]
5 PFOA Fe Fe — 100 56 3.6 60 78.34 [59]
6 PFBA Al Zn — — 90 7 10 — [56]
7 PFBS Al Zn — 31 × 10−3 59 7 10 — [56]
8 PFOA Al Zn — 2.4 × 10−3 89 7 10 — [56]
9 PFOS Al Zn — 0.5 100 7 10 — [56]
10 PFHxA Al Zn — 0.696 31 7 10 — [56]
11 PFHpA Al Zn — 0.716 57 7 10 — [56]
12 PFHxS Al Zn — 0.807 88 7 10 — [56]
13 PFHxA Zn stainless steel — — 81 3.8 120 50–200 [57]
14 PFBS Zn stainless steel — — 54 3.8 120 50–200 [57]
15 PFOS Zn stainless steel — — 90 3.8 120 50–200 [57]
16 PFOS Fe Fe — 5 100 3 60 — [64]
17 PFBS Al Zn — — 87 7 40 — [65]
18 PFHxS Al Zn — — 95 7 40 — [65]
19 PFOS Al Zn — — 100 7 40 — [65]
20 PFOS Fe Fe — — 100 5.2 50 250 [66]
21 PFOA Fe Fe — — 78 3.8 50 250 [66]
22 PFHxA Al Al 1 — 65 7–8 45 350 [71]
23 PFHpA Al Al 1 — 58 7–8 45 350 [71]
24 PFOA Al Al 1 — 75 7–8 45 350 [71]
25 PFDA Al Al 1 — 18 7–8 45 350 [71]

26 PFBS, PFHxS,
and PFOS Al, Zn Zn, Al 2 1.0 87, 95,

and 100 7.0 60 — [71]

28 PFOA, and
PFOS Zinc Air — — 99 and

89 7 45 — [61]

29 PFOS Zn Air 2 0.005 69–81 3.5 45 [28]

Perfluorobutanoic acid (PFBA); perfluorobutane sulfonate (PFBS); perfluorooctane sulfonate (PFOS); Perfluoro-
hexanoic acid (PFHxA); Perfluoroheptanoic acid (PFHpA); Perfluorohexane sulfonate (PFHxS); perfluorodecanoic
acid (PFDA).

2.2. Microplastics (MPs)
2.2.1. Sources and Complexity of MPs

One of the main contaminants in both terrestrial and oceanic habitats across the globe
is microplastics. The possible dangers these persistent and organic contaminants bring
to both public health and the environment demand consideration [72]. MPs are those
plastics with a particle size of less than 5 mm, while nano-plastics are plastics with particle
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sizes ranging from 1 to 100 nm [73]. They are also widely dispersed in the ecosystem and
quickly stick to the surfaces [74]. One of the hazardous effects on marine organisms, it can
impact the ability of the algae in the photosynthesis process [73]. MPs can cause harm in
many ways, including digestive system harm, metabolism issues, immune dysfunction,
reproductive dysfunction, and neurotoxicity [74]. Because of increasing manufacturing
and careless dumping of plastic debris, about eight million metric tons of plastic get into
the ocean each year, making it among the most pervasive environmental toxicities of the
Anthropocene [73]. Those plastics eventually degraded, primarily due to UV light, and
weathering fractured them into smaller fragments rather than decomposing them [72].
Plastic manufacturing has skyrocketed from 1.7 million metric tons in the 1950s to 361
million metric tons in 2019. Plastic items are now frequently utilized in both industry
and daily life [75,76]. Disposable masks have been necessary everyday supplies since
the COVID-19 epidemic. The WHO calculates that there were more than 2.5 million
examination gloves, surgical masks, and protective screens needed globally per month
during the early stages of the COVID-19 epidemic (World Health Organization, 2020) [75].
Further, because of its light weight, great strength, durability, and low cost, plastic has
recently found use in a variety of sectors [47]. Although using plastic items makes life and
work much more convenient, a lot of plastic waste is also released into the environment [47].
In general, plastic products, including polyethylene (PE), polystyrene (PS), polyethylene
terephthalate (PET), high-density polyethylene (HDPE), and polyvinyl chloride (PVC),
eventually shrink and turn into microplastics (MPs) with finer molecules after being
exposed to the natural environment [47,77]. MPs are generally understood to be plastic
pieces or particles with a diameter of less than 5 mm [47].

Due to plastic’s durability and resilience, 90% is likely untreated waste that could end
up in the environment and degrade or contaminate the aquatic system [78]. Microplastics
are created as a result of the widespread use of plastics and poor waste management
practices. In particular, macro-plastics are broken down into secondary MPs as a result of
mechanical stress, abrasion, photolysis, weathering, and microbiological degradation [47].
The MPs emissions from both primary and secondary sources have been recorded and
projected by a sizable number of studies [47]. In addition, primary MPs are purposefully
produced in tiny sizes for specific commercial or home purposes, such as the microbeads
found in toothpaste, cosmetics, personal care products, and laundry detergents. Because of
their tiny size, the majority of MPs cannot be stopped in wastewater treatment facilities
(WWTPs), where they may readily enter natural water bodies, including rivers, lakes,
and seas, by water runoff and groundwater infiltration [47]. Aquatic species readily con-
sume MPs when they reach the water environment, which has an impact on organisms’
food intake and metabolic processes [47,79]. Additionally, MPs may be utilized to enrich
contaminants in water, which has harmful effects and worsens the harm done to organ-
isms [47]. Numerous investigations have revealed that MPs may penetrate the human
body and travel up the food chain, posing a major hazard to human health. This increases
human exposure to contaminants that were previously inaccessible and also raises health
risks [77]. The discovery of microplastics in human feces is noteworthy. Additionally, MPs
can act as a carrier for a variety of toxic contaminants, including PFAS, pharmaceuticals,
and personal care items [77]. These contaminants include heavy metals, polychlorinated
biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), polycyclic aromatic hydrocar-
bons (PAHs), and dichlorodiphenyltrichloroethane (DDT) [77]. Large-scale microplastic
use will have damaging effects on creatures, posing serious ecological dangers. It also has
the potential to transmit and enhance food chains, endangering human health [77].

2.2.2. EC Removal and Associated Risks of MPs

The treatment of microplastics has become more essential as a result of the widespread
usage of single-use plastic masks during the COVID-19 epidemic. Over the last ten years,
methods for removing MPs from wastewater have included coagulation, membrane sep-
aration, magnetic extraction, photocatalysis, and EC [47]. Among them, EC offers good
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benefits, such as straightforward operation, high efficiency, and low cost, which have gar-
nered considerable interest [47]. In contrast to the currently used coagulation technique, EC
uses metal electrodes to produce coagulants on-site, negating the requirement for chemical
additions. MPs inside the water can be better absorbed by the coagulants created during
the EC process [47]. Additionally, MPs can be degraded using the reactive species produced
on the anode [47].

Elkhatib et al. removed MPs from wastewater via an EC [80]. The removal effective-
ness of MPs from wastewater samples was 96.5%. Additionally, 88.8% of thermotolerant
coliform colonies and 92.2% of COD colonies were eliminated [80]. Overall, the findings
demonstrated that EC successfully reduced thermotolerant coliforms and COD through
the removal of MPs from sewage at minimal operational costs, as in Table 3 [80]. M. Shen
et al. studied the EC removal of MPs from wastewater. Using Al anode, the removal rate of
MPs was very high at 98.4% for polypropylene (PP), 91.7% for Poly(methyl methacrylate)
(PMMA), 93.2% for polyethylene (PE), and 98.2% for cellulose acetate (CA) at pH 7.2 [76].
Perren et al. removed microbeads and MPs from wastewater utilizing EC. The results
showed that the best removal efficiency obtained was 99.24% at a pH of 7.5 [81].

Table 3. Removal of different types of MPs using EC with different conditions including the anode,
cathode, pH value, and the used power.

No. Removed
Substance Anode Cathode Efficiency

(%) pH Time
(min) Power Ref

1 polyethylene (PE) Al Al 97 6 10 to 60 12 mA/m2 [82]
2 PE Al Al 99 7.5 60 110 A/m2 [81]
3 PE Al Al 93 7.2 — 10 Volts [76]
4 PMMA Al Al 91 7.2 — 10 Volts [76]
5 CA Al Al 98 7.2 — 10 Volts [76]
6 PP Al Al 98 7.2 — 10 Volts [76]
7 PE Al Al 96 4 90 28.8 A/m2 [80]
8 PS Fe Fe 99 7.3–6.5 — — [83]

In comparison to simulated wastewater, the elimination rates of MPs in the genuine
aquatic environment are far lower [75]. There are virtually no studies on the influence of
the materials in the actual aquatic environment on the elimination of MPs [75]. Instead,
most studies concentrated on the distribution of particle sizes or the elimination of MPs [75].
Natural organic matter, residual organic contaminants, refractory organic contaminants,
and residual organic contaminants, as well as other chemicals, are among the complex
DOM components found in wastewater [75]. Clarifying the impact mechanism of DOM
on the EC treatment of MPs is crucial because these intricate components influence the
degradation rate of MPs particles in the removal process [75].

2.3. Pharmaceutics

Pharmaceutical medications are essential for increasing the quality of life and life
expectancy [33]. Every year, enormous volumes of pharmaceuticals are used in both
human and veterinary medicine to cure infections, fever, and mental and physical stress;
prevent pregnancy; and even promote agricultural development [33]. They eventually
infiltrate sewage treatment facilities (STPs) and were found in urine and animal excrement
to a degree of around 90% and 75%, respectively. If these contaminants are released from
traditional STPs without being treated, they might seriously harm the environment and
sea creatures [33,84]. The main issue is that the proliferation and escalation of antibiotic-
resistant bacteria are directly related to the release of such harmful chemicals into the
environment [84,85]. The wastewater containing pharmaceutics has a strong color, strong
odor, significant COD, and minimal BOD [33].

Numerous approaches have been evaluated, including electrochemical degradation,
membrane processes, biological treatments, the Fenton process, adsorption [2], or various
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combinations of technologies [85]. Activated sludge and the trickling filter technique are
also used to cleanse pharmaceutical wastewater. However, both methods were ineffective
and led to the wastewater being released into the environment, where it continued to
damage the soil, surface water, and groundwater [33]. Due to its unique benefits, including
its low operating costs, compact treatment facility, ability to treat a variety of contaminants,
simple design, rapid sedimentation, and minimal sludge production, EC has been consid-
ered a highly promising sewage treatment technique within all available electrochemical
methods [84]. The primary objective for environmental engineers nowadays is to develop a
treatment plan that can manage or treat wastewater locally. This illustrates the efficiency of
EC as a decentralized wastewater treatment technique [86]. Padmaja et al. analyzed the
effectiveness of chemical and EC techniques for treating pharmaceutical wastewater [87].
The findings revealed that although chemical coagulation significantly reduced the amount
of COD, suspended particles, and chlorides, the amount of TDS reduction was only 26.3%
with FeCl3 and 14.05% with Al, while the EC approach significantly decreased COD and
TDS (92.3% and 91.5%, respectively) [87]. Previous results for using EC to remove some
pharmaceutical substances are in Table 4. Furthermore, we summarize the advances of EC
for specific classes of pharmaceuticals.

2.3.1. Antibiotics

Antibiotics are continuously released into the environment as a consequence of their
heavy usage for medical, veterinary, and several human activities [88]. They can pose a
concern to the ecosystem by promoting resistant bacteria. For example, studies have shown
that the levels of different antibiotics in sewage plants and natural waterways fluctuate
seasonally [86]. The present review highlights the results of various studies on antibiotic
removal. It can be noticed that the efficiency of the EC process varies depending on the
type of antibiotics being targeted. While some antibiotics can be efficiently removed from
water using EC, others remain unaffected. Hence, it is essential to optimize the parameters
of the process to improve the effectiveness of EC for a particular antibiotic type. Therefore,
further investigations are necessary to determine the optimal conditions for EC to remove
specific antibiotics. The relation between the solubility of the antibiotics and the removal
efficiency might be a factor, where more soluble might lead to higher mobility and less
contact time between the targeted antibiotic and the anode. This relation can be considered
as a gap in the previous studies. Moreover, several bacteria, and it might be the same
for some antibiotics, are being used as reducing agents, which is a problem during the
oxidation process. This probably causes an intermediate product that is resistant to further
degradation. Therefore, the relation between efficiency and the chemical structure of
antibiotics needs to be investigated thoroughly.

Ampicillin (AMP)

One of the studied penicillin antibiotics is Ampicillin sodium salt (AMP). Baran
et al. used EC to remove AMP and different other antibiotics from wastewater, and they
reported that EC was not effective [89]. They determined that the problem was in the
electrolysis voltage and used another electrolyte, Na2SO4. This electrolyte might increase
the electrolysis voltage, which consequently can achieve more ROS at the anode [90].
However, even with Na2SO4 electrolyte, the degree of removal (%) did not exceed 4.3%
for AMP, while success with other antibiotics, such as doxycycline, had a removal ratio of
approximately 100% [89].

Amoxicillin (AMX)

Numerous researchers have been investigating various effective methods for removing
AMX and its metabolites from the effluents of wastewater [91]. D. Balarak et al. investigated
the removal of AMX by EC using an Al electrode at pH 7 with 60 Volts. They reported that
removal reached 98.98% after an electrolysis time of 75 min [92].
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Ciprofloxacin (CIP)

CIP is a second generation of fluoroquinolones, and it was detected in surface wa-
ter [93]. Higher concentrations of CIP lead to renal failure, headache, vomiting, and
elevation of the liver enzymes [94,95]. Furthermore, the longtime exposure might develop
these acute problems and cause chronic effects [96]. S. Ahmadzadeh et al. used 2 Al
electrodes with a current density of 12.5 mA cm−2 at a pH of 7.8. They reported elimination
of 100% after a reaction time of 20 min [97]. In addition, M. Malakootian et al. used a
current density of 2.75 mA cm−2 and achieved 81% elimination after 40 min [98].

Levofloxacin (LVX)

Levofloxacin (LVX) is the third generation member of the quinolone family [99,100].
LVX is resistant to degradation and frequently escapes from sewage treatment facilities.
LVX is popular and widely used, which results in bioaccumulation in the ecosystem.
Mohammed et al. reported that the removal efficiency reached 88% under the conditions of
pH = 4, 20 mA cm−2, and an operating time of 60 min [101]. Moreover, the same researchers
explored other conditions and reported a removal efficiency of 82.5% at 16 mA cm−2, pH
value at 3.8, and 42 min of reaction time [101].

Cefazolin (CEZ)

The most widely used class of antibiotics is the cephalosporin group, and it is a first-
generation one, which comprises between 50% and 70% of all antibiotics used globally [84].
CEZ, one of the numerous available antibiotics, is frequently utilized to treat bacterial
skin infections [84]. M. Bajpai et al. combined kinetic measurements and isotherms study,
response surface methodology (RSM), and EC for pharmaceutical wastewater containing
CEZ treatment with an 85.65% removal efficiency rate [84].

Cefixime (CFX)

CFX is accumulated in the tissues of animals and plants and therefore is maintained
in the environment [102]. Further, it is confirmed it exists in groundwater, surface water,
and drinking water [103]. M. Asadi-Ghalhari et al. reported that they successfully removed
92.25% of CFX from an aquatic solution at the conditions of 0.3 A and around 60 min of
operating time [104]. In addition, R. Mostafaloo et al. utilized EC to remove CFX with a
pH value of 6, 0.7 A, and reaction time of 60 min. They reached a removal efficiency of
90.1% [105].

Oxytetracycline Hydrochloride (OTCHC)

One of the most frequently utilized antibiotics in both people and animals is tetra-
cycline [106]. In addition to (OTCHC), oxytetracycline, oxytetracycline dihydrate, and
oxytetracycline calcium are also available. In both human and veterinary medicine, oxyte-
tracycline (OTC) is employed [106]. OTC has been found in sewage treatment facilities,
rivers, and lakes. Nariyan et al. used an EC method to remove it, and the results showed a
removal efficiency of 93.2% when Fe is used as an anode, and 87.75% when Al is used as an
anode [106].

Doxycycline (DOX)

DOX is a second-generation tetracycline compound and has a broad-spectrum effect.
DOX displays considerable residual toxicity in surface and groundwater due to its extremely
soluble nature [107]. Zaidi et al. showed that about 90% of DOX is removed using an
electro-coagulation coupled electro-flotation process (EC-EF) [107]. Further, W. Baran et al.
investigated the EC process and found 100% removal of DOX at a pH value of 6, a current
density of 18 A cm−2, and an operating time of around 36 min [89].
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2.3.2. Anti-Inflammatory
Dexamethasone (DEX)

Glucocorticoids (GCs) extensively utilized in both animal and human medicine are one
significant family of anti-inflammatories. DEX, the most powerful GC cortisone derivative
used mostly in hospitals and clinics, has been found in quite high concentrations in sewage
effluent [108]. Arsand et al. used EC to remove dexamethasone from hospital effluent
and aqueous solutions [108]. The result showed that by increasing the applied current
(100–500 mA) and also decreasing the electrode distance from 30 mm to 6 mm, the removal
efficiency of DEX is increased up to 38.1% [108].

Hydrocortisone

Hydrocortisone is a steroidal hormone that is formed by the adrenal cortex. It is a
synthetic glucocorticoid showing anti-inflammatory properties [109]. It is widely used to
treat diseases such as allergies, inflammation, skin, and asthma [110]. Steroid hormones are
continually released into the environment by people and animals [111]. Alaani et al. used
Al electrodes to investigate the removal efficiency of hydrocortisone. They found that at
an electrolysis time of 150 min, 6 pH, and 35 mA cm−2 resulted in a removal efficiency of
60% [112].

2.3.3. Non-Steroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs, which are used widely, are the pharmaceuticals that are most commonly
found. NSAIDs may be hazardous to aquatic life and detrimental to embryos, babies,
kids, and adults having weak constitutions and susceptibility to drugs, despite the lack of
evidence that they are harmful to adults [113]. Liu et al. showed that NSAIDs are elim-
inated via EC/flotation using a cationic surfactant [113]. Selected nonsteroidal NSAIDs,
notably, aspirin, ibuprofen, diclofenac, and ketoprofen, were eliminated from wastew-
ater using an EC/flocculation flotation (ECF) procedure [113]. As a collector and froth
agent, cethyltrimethylammonium bromide (CTAB), a cationic surfactant, was added to the
solution [113]. The results showed a removal efficiency between 10–45% for NSAIDs [113].

An active metabolite of the blood lipid-regulating medicines Clofibrate, Etofibrate,
and Etofyllinclofibrate is clofibric acid [114]. These compounds are employed to lower the
plasmatic content of triglycerides and cholesterol [114]. Clofibric acid has previously been
found in groundwater wells, German river flows, Swiss lakes, and sewage treatment plant
influents and effluents [114]. NSAIDs include Ibuprofen, Ketoprofen, Mefenamic Acid, and
Diclofenac (NSAIDs) [114]. They have antipyretic and analgesic properties. All of these
medicines, except mefenamic acid, whose quantities and activity in STPs have never been
recorded, have been found in STP influents, effluents, and surface water samples [114].

2.3.4. Anticonvulsants
Carbamazepine (CBZ)

Anticonvulsant drugs may be categorized into three categories: those that block neu-
ronal ion channels, those that enhance gamma-aminobutryic acid (GABA)-ergic neurotrans-
mission, and those whose mechanism of action is unclear [115]. CBZ is classified as a sig-
nificant micropollutant due to its widespread usage, bioaccumulation inside living things,
and consequent endocrine-disrupting, neurotoxic, and developmental negative effects. Z.
Xiao et al. used the P-rGO/CF cathode in a combination of electrocoagulation/electro-
Fenton (EC-EF) to remove CBZ [116]. As a result, it was possible to create additional
H2O2 and •OH to break down CBZ, and 100% of it was eliminated [116]. Ensano et al.
used EC to treat municipal wastewater that contained active medicinal ingredients [117].
For a 180 min intermittent response period, an increase in pharmaceutics concentration
resulted in reductions in removal efficiencies of 23%, 22%, and 40% for CBZ, DCF, and
AMX, respectively [117].
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2.3.5. Mixtures of Pharmaceuticals

Oladipo et al. used an EC process to eliminate metal complexes with heavy met-
als [118]. The process targeted tetracycline-nickel ions [118]. They studied the process with
2 electrodes; the first was Fe, and achieved 99.3% elimination efficiency with an initial con-
centration of 15 mg/L within an hour, while the Al electrode achieved an elimination rate of
99.8% elimination efficiency within 20 min, with an initial concentration of 10 mg/L [118].
The study proved that with an acceptable amount of nickel ions, the removal rate will be
improved, as the ratio was one-to-one nickel and tetracycline, and the elimination efficiency
was 100% within 10 min. However, when the ratio was 1:2, the elimination efficiency was
99.6% in 20 min [118]. The whole operation was kept at an electrode spacing gap of 2 cm,
and the voltage was kept at 9 volts, and the pH was maintained at 9 [118]. Baran et al.
studied the effect of the EC process on ampicillin, doxycycline, sulfathiazole, and tylosin.
They accomplished an elimination rate of 3.6 ± 3.2%, ~100%, 3.3 ± 0.4%, and 3.1 ± 0.3%,
respectively [89]. The initial concentration of ampicillin, doxycycline, sulfathiazole and
tylosin was 50 mg/L for all the processes, but the pH was set for every compound, such
as ampicillin was from 6 to 6.5, doxycycline was from 6.5 to 7, sulfathiazole was 6.9, and
tylosin was from 6 to 6.9 [89]. The maximum time for the process was 36 min [89]. The volt-
age was around 1 volt in the sludge, and within the water was varied from 5 to 7 volts [89].
The pH value was set to be 6 to 6.5 in the sewage water and 6.0 to 8.0 in water by using
NaOH or H2SO4 in the solution [89]. Yoosefian et al. studied the effect of the EC process
on the elimination of ciprofloxacin from wastewater that comes from hospitals [96]. They
used Fe as the electrode material in this process [96]. Optimum conditions included some
adjustments, such as initial concentration, which was set to be 60 mg/L, and the pH was
adjusted to be 7.5. Finally, the electrode gap was maintained to be 1.58 cm apart from each
other, and the elimination efficiency was 100% [96]. The overall cost of the elimination
comes from the electricity usage and the anode loss; the loss of the anode was about 62 mg,
and the power consumption for this process was 0.522 kWh/m3 [96].

Table 4. Removal of pharmaceuticals from wastewater using electrocoagulation upon their conditions.

No. Removed
Substance Anode Cathode Gap

(cm)
Concentration

(mg/L)
Efficiency
η (%) pH Time

(min)
Power
(A/m2) Ref.

1 Metronidazole Fe Fe 1.5 25 99.28 6.5 30 40 [119]
2 Tetracycline Fe Fe 1 1 95 4 30 40 [120]

3 Carbamazepine
(CBZ) Fe

Heteroatom P,
doped

graphene/carbon
felt (CF)

2.0 30.0 99 3 15 100 [116]

4 Doxycycline low-carbon
steel low-carbon steel 50 ~100 6.0–6.5 36 18 [89]

5 Ibuprofen, Al Fe 3 40 50.96, 5 110 4878 [121]
6 Acetaminophen Al Fe 3 40 22.76 5 110 4878 [121]
7 Diclofenac Al Al 5 — 98 7.2 20 16.7 [113]
8 Ibuprofen Al Al 5 — 80 7.2 20 83.3 [113]
9 Ketoprofen Al Al 5 — 75 7.2 20 16.7 [113]

10 Estrone Fe Fe 1 0.2 81 7 120 167 [122]
11 17β-estradiol Fe Fe 1 0.2 87 7 120 167 [122]
12 Estriol Fe Fe 1 0.2 85 7 120 167 [122]

13 17α-
Ethynylestradiol Fe Fe 1 0.2 97 7 120 167 [122]

2.4. Dyes

Dyes are substances that are mostly employed in the manufacturing of fabrics and
leatherette [123]. Dyes have complicated chemical structures and frequently originated from
artificial materials. They are very durable and challenging to break down normally [124].
Industrial artificial colors are characterized as organic compounds that withstand oxidizing
substances, heating, and radiation and also resist aerobic digestion [124]. Further, they often
include significant amounts of soluble toxic substances, including emulsifying agents [123].
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Effective efforts have been made to remove dyes from the aqueous solutions using EC, as
shown in Table 5.

Guvenc et al. studied sewage water produced by industries producing paint, and they
used the process of EC with an initial pH value of 5, with an initial concentration of 5.6 g/L.
The Fe was used as the cathode, with an electrode gap of 1.5 cm. They set the reaction
time to be 35 min, with a current density of 21 mA/cm2. The color was removed with an
efficiency of 98.1% [125]. It was found that the acidic medium reached a higher efficiency
than the alkaline one [125]. Taheri et al. studied the effect of EC on Acid Brown 14, Acid
Orange 7, and Acid Red 18. The Al was used as the electrode, and the current density was
set to be equal to 291 A/m2 [126]. For the Acid Brown 14, the concentration was adjusted
to 600 mg/L, the pH value at 4, and the time of the process at 10 min; the degradation
rate reached 100% [126]. For the Acid Orange 7 with a concentration of 540 mg/L at a
pH value of 4 and a reaction time of 14 min, the removal rate reached 100% [126]. Abbasi
et al. investigated the EC process in the color removal of sewage water from licorice
processing [127]. They reached a color-removing efficiency of 90.1% within 81.8 min [127].
They used Fe as the main electrode, and the gap between the electrodes was 3 cm [127]. The
initial pH was 6.5, while the power density was 350 A/m2 [127]. Abbasi et al. removed the
color from licorice processing wastewater using the EC process. They reached a removal
efficiency of 94.6%, using Fe as the electrode material, while the process continued for
71.8 min, with a current density of 28 mA/cm2 [128].

Several studies have been completed recently to remove colors from wastewater using
a combination of EC and adsorption techniques. Irki et al. used the EC procedure to
remove methyl orange and achieved 74% efficiency after 12 min. However, under identical
conditions, the efficiency jumped to 95% when utilizing a magnetic field [129]. Ma et al.
explored the decolorization of methyl orange from wastewater utilizing Fe and graphite
plate as anode and graphite plate as cathode, achieving a 100% yield [130] (Ma et al., 2007).
Methyl orange was eliminated from the aqueous solution using the adsorbents goethite (G),
chitosan beads (CSB), and goethite impregnated with chitosan beads (GCSB). The process
fits Langmuir’s behavior, with maximum adsorption capacities for each adsorbent being 55,
73, and 84 mg/g for G, CSB, and GCSB, respectively [131]. Methylene blue was eliminated
from an aqueous environment by Jawad and Abdulhameed using an eco-friendly mineral
adsorbent. The maximal capacity was determined to be 240.4 mg/g at 303 K, and the
Freundlich and Langmuir adsorption isotherm models were also achieved [132].

Table 5. A comparison between previous studies for the removal of dyes and colors from aqueous
solutions via the EC method.

No. Removed Substance Anode Cathode Gap
(cm)

Concentration
(mg/L)

Efficiency
(%) pH Time

(min)
Power
(A/m2) Ref

1 Dyes Fe Fe — — 96 7 6 100 [133]

2 Dye Al stainless-
steel — 95 6.9 5 10 [134]

3 Yellow 10 gw dye Al
Cu

Al
Cu — 1000 96

97
7.5
9

5
15 60 [135]

4 Color dye, COD, turbidity,
and alkalinity

Fe
or Al — — — 90, 89, 82,

and 73 6.5 81.8 350 [136]

5 Color, COD Fe/Fe Fe/Fe — (1500–7500) 100, 97. (2–11) — 1.25–7.50 [136]

6 AG 20, and RY 17 Al Al — 95 and 93 2.1 60 400 [137]

7 RR 35 and DY 56 Al Al — 10–150 94 and 95 8 50 43.4 and
104.2 [138]

9 Methyl orange Stainless
steel Fe 2 50 93. 7 — — [139]

10 Acid Brown 14, Acid
Orange 7, and Acid Red 18 Al Al — (150–600)

100,
100,
57

(4–10) 15 291 [126]
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2.5. Phthalates

Phthalates are one of the SOCs in wastewater [140]. The most significant industrial
chemicals, phthalate esters (PAEs), were frequently utilized as plasticizers to increase
the elasticity and ease the processing of polymeric materials [140]. The primary sources
of PAEs in sewage are processed wastewater discharge from the leather, cosmetics, and
plastics industries [141]. Additionally, PAEs were discovered in landfill leachate, surface
runoff, and household wastewater [141]. Plasticizers were easily discharged into the
environment by plastics, where they established themselves as a significant source of
pollution [140]. The most popular plasticizer was PAEs, which were designated as a priority
contaminant by the Ministry Of Environment Monitor Bureau of China Center [140]. Even
though little was understood about these processes, they are significant because PAEs
were not covalently bonded to plastic polymers [140]. As a result, they may leak out of
the plastic into the environment or tissues [140,142]. The production of PVC materials
for textiles, toys, medical supplies, packaging, and tannery goods all heavily rely on
PAEs [141,142]. Diethyl phthalate esters (DEPs) and dimethyl (DMP) are often employed
in the manufacturing of cellulose ester-based polymers, while dibutyl phthalate (DBP) is
utilized in the manufacturing of epoxy resins [141]. To turn leather into a usable form, a
variety of PAEs, as well as other chemicals, including di-ethyl phthalate (DEHP), O-phenyl
phenol (OPP), DBP, hexyl Nonyl phenol, N-Methyl pyrrolidone, and benzyl butyl phthalate
(BBP), are utilized as plasticizers in the microporous artificial leather coating, leveling agent,
amalgamation, and wetting agent [141].

Recent experimental research has concentrated on chemical oxidation processes that
completely degrade phthalates [142]. The two investigated methods for the treatment of
phthalates that were dispersed in the water are adsorption and chemical oxidation [142].
Electrochemical processes, such as electro-oxidation and EC, which involve several re-
moval mechanisms, including flotation, coagulation, oxidation, and adsorption, for the
decomposition of organic materials, in addition to the abatement of inorganic contaminants,
are simple to use and versatile [142]. Many different industrial wastewaters have been
subjected to these procedures. Additionally, EC has been used to treat certain organic and
inorganic contaminants, such as fluoride, lignin, phenol, and pesticides [142]. Kabdaşlı et al.
used dimethyl phthalate as a model material to treat phthalic acid esters via EC using SS
electrodes; the applied current density was 225 A/cm2, the initial pH was in the range of 2
to 6, and the total mineralization was obtained after 2 h [142]. Yang et al. investigated how
a graphene-containing, ceramic, composite tubular membrane combined with a combined
EC and electro-filtration procedure removed phthalates and pharmaceuticals from an aque-
ous solution [143]. The results showed that the efficiency of removing di-n-butyl phthalate
(DnBP) and di(2-Ethylhexyl) phthalate (DEHP) was 99% at an electric field strength from
20 to 40 Volt/cm, and the electrode distance was 10 mm [143].

2.6. Complex Solids Containing Organic Matter

Human waste, mostly feces and urine, along with toilet flushing water and sul-
lage produced by homes, businesses, and public buildings, make up domestic wastewa-
ter [144]. High quantities of organic matter are typical characteristics of domestic wastew-
ater [145]; mixed residential wastewater with a volume of 130 L/cap/day contains 14,
120, and 2 g/cap/days of nitrogen, chemical oxygen demand (COD), and phosphorus,
respectively [144]. Municipal wastewater was composed of 4.9–106.2 mg/L phosphorus,
31.8–202.4 mg/L N, and 299–4294 mg/L COD [144]. Benekos et al. removed COD from
wastewater using the EC [146]. The minimum COD concentration was 3000 mg L−1, and
the current density was 5.65 mA cm−2. The results showed that about 42.5% of COD was
removed [146]. Villalobos-Lara et al. used an Al anode in EC to remove about 90% of COD
from wastewater [147]. Barzegare et al. removed COD from sewage using EC with Al
and Fe electrodes [148]. The efficiency of removing COD reached 95% [148]. Meanwhile,
Ahangarnokolaei et al. used EC and ozonation in combination, sequentially, and simulta-
neously for the treatment of textile wastewater. The results showed that the usage of Al
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played a key role in removing 50% of COD from wastewater [149]. The results for complex
solid removal are summarized in Table 6.

Table 6. The summary of the studies with experimental conditions of removal of chemical oxygen
demand (COD) and suspended solids using EC and their efficiency.

No. Removed
Substance Anode Cathode Gap

(cm)
Concentration

(mg/L)
Efficiency

(%) pH Time
(min)

Power
(A/m2) Ref

1 COD, CN Fe Fe 1.5 1500 64, 98 5 35 210 [125]

2 COD Cu Cu 1.5 1500 73 7 120 89.28 [150]

3 Color, COD,
turbidity, alkalinity Fe, Al Fe —

39, 45,
1500−1600,

230–285

90, 89, 82,
73 6.5 81.8 350 [127]

4 Color, COD Fe Fe — 300–450
1450–1565 94, 90 6.8 90 350 [128]

5 COD Fe or Al Fe or Al — 60 50 5.5–11 90 35.4 [151]

6 Dye, COD Fe or Al Fe or Al — — 97,
37 8 30–40 35.4 [152]

7 Color, COD -Fe/Fe -Fe/Fe 1 3000 100, 95 7 210 0.4 [153]

8 COD Fe Fe — 25 85 8 40 160 [84]

9 COD Al, Fe, Al,
Fe

Al, Fe, Fe,
Al — — 87, 90, 87

and 89 3–9 15–60 9.23–45 [154]

10 COD, CN, UV254 (Fe) — — 38, 90,
and 52 7.3 25 210 [151]

11 SS, TP, COD and
BOD

Fe
Al SS 2.0 23,000, 132,

5500, 2000
98, 99, 50

and 10 6.3 35 300 [155]

12 cyanide, COD, BOD,
and chloride ions Al Al — 0.1, 110, 24,

and 975
99, 94, 95,

and 46 8. 30 100 [156]

13 COD, Nitrate Fe and Al 7 6325, 1256 70 and 90 8 60 3 [157]

14

dissolved organic
carbon (DOC)

UV254
Color

Fe SS 2 — 35, 71, 69 7.36 990 100 [158]

15 P, COD Al and
steel — — — 87, 33 7.36 30 — [159]

16 COD Al Fe 3.5 — 71 5.4 60 — [160]

17 TSS, COD, Cu, CN,
and oil & grease Al Fe — — 71, 91, 95,

96, 71 6–8 60 41 [161]

18 COD, Turbidity Al Al — — 70 7 40 60 [147]

19 RAS for TSS, COD),
ammonia, nitrite Fe Fe 2.0 — 24, 24, 8,

and 1 6.92 2 50 [162]

20 COD
TOC Fe and Al Fe and Al 2 47.4 95 and 87 7.0 60 150 [148]

21 COD Nb/BDD SS — 424 51 7.35 83.3 [163]

22 COD SS 304 SS 304 — — 77 5, 7, 9 20 27.78 [164]

23 COD Al-Fe Al- Fe — — 97 7 120 — [165]

24 COD, color Fe H2 3 1000 89
97 3 75 — [166]

25 P, COD Al Al — — 88, 82 6.9 30 40 [167]

26 TOC, UV254, COD
and CN

Fe, Al,
PbO2 and

DSA
(Ti/Ru-Ir)

Graphite 1 — 79, 97, 80
and 95 7.6 60 250 [168]

27 Chemical oxygen
demand (COD) Al mesh

Stainless
steel
mesh

2 4000–10000 69 8.5 15 20 [169]
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Table 6. Cont.

No. Removed
Substance Anode Cathode Gap

(cm)
Concentration

(mg/L)
Efficiency

(%) pH Time
(min)

Power
(A/m2) Ref

28

TOC, a dissolved
organic carbon

(DOC), Turbidity,
TSS, color

Al
42, 18, 83,
64, and
90–95

7.5–8.5 120 250 [170]

29 Oil-water emulsion
separation Al mesh

Ni@PVA
mem-
brane

99 5.5 20 80 [171]

30 Oil Al 700 97 6.8–7.2 189 [172]

31 UV254, DOC, SMX,
CBZ, and ATZ Fe

Membrane
attached

to the
titanium
(Ti) mesh

0.128 UV
7.08 DOC

34, 45, 16,
35, and 31 7.3–7.8 6.25 [173]

32 Microplastics
PE, PMMA, CA, PP Al, Fe Cu 2 — 93, 91, 98

and 98 7.2 360 — [76]

33 Total organic carbon
(TOC) BDD Carbon

felt — 29.8 97 3 83 476 [174]

34 turbidity, TOC, and
Ca2+ Iron Iron — — 98, 78,

and 56 4.4 20 318 [175]

35 COD Al, Fe Al, Fe 538.2 98 9.55 40 20 Volts [176]

36 COD Fe Fe 2.5 2970 88 4 20 150 [177]

37 COD Al Al 2 1200 62 11.51 120 285.7 [177]

38 COD Fe Fe 0.5 1200 35 7.43 40 50 [178]

39 COD Al Steel 1.2 800 59 7.1 10 80 [179]

40 COD

Al
Fe
Fe
Al

Al
Fe
Al
Fe

— —

87
90
88
87

3–9 15–60 9.2, 20,
45 [154]

41 COD Fe Fe 1 840 63 5.4 140 [180]

42 COD BDD,
Ti/IrO2

Graphite — — 70 3–11 45 91 [181]

43 COD Fe Fe 3.9 — 38 7.3 25 210 [151]

44 COD SS-304 SS-304 — — 77 20 27.78 [164]

45 COD Cu Al 5 — 95 6 40 25 [182]

2.7. Synthetic Organic Contaminants (SOCs) for Agricultural Usage

In recent years, the consumption of pesticides (insecticides and fungicides) in food and
agricultural fields has expanded to prevent and eliminate the impacts on animals and in-
sects [181]. To avoid, eliminate, deter, or mitigate pests, pesticides, particularly insecticides
and herbicides, are being utilized more and more in forestry, agriculture, and residential
activities [183]. Despite these benefits, they are poisonous and non-biodegradable, making
them harmful to both human and animal health [183,184]. The runoff from farming fields
and poor pesticide industrial disposal are the main causes of water pollution with pesti-
cides [183,184]. The most widely used pesticides are mutagenic and carcinogenic, including
malathion, endosulfan, sulfur, methyl parathion, and monocrotophos [184]. Pesticides
make up nine out of the top twelve persistent organic contaminants, according to the
Stockholm Convention on Residual Organic Contaminants [183]. It is a challenge to find a
process to remove these pesticides from wastewater with high efficiency. The EC technique
has been used to remove the mentioned pesticides from wastewater with high efficiency.
This is due to the ability of the process to generate highly reactive oxidizing species that
can break down those complex compounds into simpler and less harmful molecules. The
use of EC for the removal of pesticides has been reported in various studies. Furthermore,
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the results have shown that the process can effectively eliminate these contaminants from
wastewater. However, the efficiency of the process is dependent on several factors, such as
the type of pesticide, initial concentration, material electrode, and operating conditions. In
addition, one of the challenges is the cost associated with the process and particularly the
energy consumption, which needs to be optimized to make it more economically feasible
for large-scale applications.

2.7.1. Pesticides

Different substances are used for agricultural purposes and might cause environ-
mental contamination, including pesticides. A wide range of pesticides are used, such as
glyphosate, malathion, acetamiprid, oxyfluorfen, diazinon, and chlorpyrifos. Glyphosate
is widely used due to its low cost, simplicity of use, superior removal, and processing
rates [185]. On the other hand, malathion has been used a lot due to its low toxicity and
superb selectivity for insects [186]. Malathion can harm mammalian nervous systems by
inhibiting essential enzymes [184]. Further, acetamiprid is classified as a third-generation
pesticide [183]. Acetamiprid is used to control a wide range of coleopteran pests, in addition
to sucking pest insects, such as aphids, leaves, thrips, plant hoppers, whiteflies, and other
draining insects [183]. Furthermore, diazinon is harmful to the skin, the stomach, and the
respiratory system [187]. Otherwise, chlorpyrifos has been discovered in sperm, human
breastfeeding, cervical fluid, newborn infants’ meconium, and cord blood [188].

Glyphosate

Glyphosate is the pesticide that has received the most attention since the beginning
of the millennium [189]. The main component of numerous commercial formulations of
herbicides is glyphosate (N-(phosphonomethyl) glycine), an organophosphorus chemi-
cal [185,190]. The main issue with glyphosate use is wastewater intrusion into streams
and aquifers [185,191]. The ocean, fauna, flora, and ecological matrices (water and soil)
are all in danger due to glyphosate contamination, which is a cumulative and continuous
deterioration [185,191].

Due to its ease of use, cheap cost, and high processing efficiency and removal rates,
the adsorption and degradation process is considered one of the most popular methods for
removing glyphosate from wastewater [185]. Electrolysis, chemical oxidation, microwave
radiation, ozone, membrane separation, precipitation, UV irradiation, adsorption, photo-
catalytic degradation, and EC are all efficient ways to remove glyphosate from wastew-
ater [191]. EC is now an economical option for industrial processes and water treatment
facilities [190]. Danial et al. studied the EC removal of the glyphosate mechanism [190].
The results indicated that using EC, glyphosate was removed at a high percentage (94.25%),
followed by removal rates of 88.37% for Fe electrodes, 62.82% for steel electrodes, and
46.69% for copper electrodes [190]. The mechanism lies in using sacrificial electrodes, such
as aluminum, iron, steel, or copper, to generate metal hydroxide flocks [192]. These flocks
are formed through oxidation and hydrolysis reactions [193]. Further, the flocks act as
coagulants and aim to remove pollutants from the water by adsorbing them. The process
also generates charged metal hydroxide species that neutralize the electrostatic charge of
the pollutants and initiate the coagulation process [194]. On the cathode, a hydrogen gas
is raised, and bubbles are produced, which lead to electro-flotation. Finally, the flocks
are removed from the water through sedimentation or floatation, and the treated water
is separated.

In addition to that main mechanism, the metal cations can be bonded with other
compounds under certain conditions to form other kinds of flocks that differ from the
metal hydroxides. To understand this, the degradation pathway of glyphosate should be
discussed. The chemical structure of glyphosate is C3O5H8PN. The bonds of C-P and C-N
are relatively weak and, consequently, easy to be broken [195]. During the EC process, the
current passing generates heat in the solution, leading to the breaking of these bonds for
the relatively complex structure of glyphosate to be transformed into simpler compounds,
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as illustrated in Figure 7a,b. When the C-N bond is broken, the glyphosate decomposes
into formaldehyde, phosphoric acid ion, ammonium ion, and nitrate ion [190]. On the
other hand, the breaking of the C-P bond decomposes the glyphosate to aminomethyl
phosphonic (AMPA) ion, in addition to glyoxylic acid and protons [190]. Furthermore,
AMPA can be degraded in the existence of metal cations and water into metal phosphates,
methanamine, and hydrogen gas. In this stage, metal phosphate can form flocks, and this
mechanism is called coagulation by metal cations, and it has been discussed by R. Danial
et al. [190].
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Malathion

Malathion is an insecticide belonging to the chemical group of organophosphates [184].
The EPA has categorized malathion as a pesticide with hazard class III and a general use
pesticide (GUP) [186]. It is commonly utilized because, as compared to other organophos-
phorus insecticides, it has a comparatively low toxicity to mammals and a high selectivity
for insects [186]. Malathion can linger in the ecosystem for months, although it typically de-
grades chemically and microbiologically after a few weeks when it is present in water [186].



Separations 2023, 10, 337 24 of 36

The physical and chemical characteristics of the sewage system, notably temperature, and
pH, as well as the makeup of the microbial population living there, determine the rate
and degree of its breakdown [186]. Pesticide wastewater is treated using a variety of
techniques, including chemical, physical, thermal, and biological ones [184]. However,
these methods use low concentrations of contaminants and are neither economical nor envi-
ronmentally beneficial [184]. The extreme toxicity of pesticides makes biological techniques
of degradation particularly challenging [184]. For the elimination of pesticides, a vari-
ety of methodologies have been described recently, including photocatalytic degradation,
nanofiltration, EC, biodegradation, electrochemical reduction, indirect electro-oxidation
with powerful oxidants, and adsorption [186]. The EC procedure has gained more attention
in the last ten years as a potentially effective way to effectively remove organophosphorus
pesticides from wastewater [186]. M. Behloul et al. used EC to remove the malathion from
contaminated solutions [186]. The efficient working parameters of an applied current of
1 A, operation period of 60 min, supporting electrolyte content of 2.5 g/L, and beginning
pH of 6 resulted in almost complete elimination of malathion (95%) [186]. Sankar et al. used
single-variable multivariable optimization to assess the impact of several independent oper-
ational factors on the removal of pesticide malathion by the EC method [184]. The reaction
period of 75 min, applied voltage of 15 Volts, solution pH of 7.5, and electrolyte of 15 mL
was found to be the ideal operational parameters [184]. An 85% elimination efficiency
was attained [184]. Abdel-Gawad et al. removed some pesticides from wastewater via the
Ethe C process using Fe electrodes [196]. The results showed that the removal efficiency of
malathion was 100% [196].

Acetamiprid

The neonicotinoid group, one of the fastest-growing families of pesticides today,
includes acetamiprid, one of the most often used third-generation pesticides [183]. Ac-
etamiprid is used to manage a variety of coleopteran pests, as well as sucking pest insects,
such as whiteflies, aphids, leaves, thrips, plant hoppers, various micro-Lepidoptera, and
other insects. The compound may have developmental neurotoxicity (DNT), which is
comparable to nicotine in how it affects the development and function of neurons in ani-
mals, according to research performed by the European Panel on Plant Protection Products
(PPR) [183]. John et al. studied the EC method for removing acetamiprid from wastewa-
ter [183]. Under the current density of 0.5 A/dm2, duration of 60 min, pH of 7.77, and salt
content (NaCl) of 0.75 g/L, the removal efficiency was 97.6% [183].

Oxyfluorfen

It has been documented that oxyfluorfen breaks down in soil and water [197]. In
the instance of oxyfluorfen, the ions produced aggregate all over the pesticide colloids,
neutralizing their electric charge on the surface and producing bigger particles that are
then removed from the treated wastewater using flotation, filtering, or sedimentation tech-
niques [197]. The colloids can also be entangled into the developing precipitated coagulant
and separated via the same processes, depending mostly on operating conditions [197].
Regardless of the method used, EC has been reported to achieve a considerable contami-
nant accumulation within the flocs of 25%, but is not adequate for the entire elimination of
oxyfluorfen from wastewater [197]. As a result, it is promising as a pretreatment for waste
of this kind [197].

Diazinon

Water-containing insecticides, such as diazinon (O,O-diethyl O-2-isopropy-6-
methylpyrimidin-4-yl phosphorothioate), can have major environmental consequences,
as well as immediate or even delayed effects on human health due to their extensive use in
agriculture and hazardous effects [187,198]. One of the most extensively used „moderately
toxic” Class II organophosphate insecticides is diazinon, according to the World Health
Organization (WHO) [199]. Many farmers use diazinon to kill pests on vegetables, fruits,
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and field crops; however, an excessive amount of this pesticide can be harmful to blood
and other living things [198]. To prevent the toxicant from contaminating groundwater
or seawater, the amount of consumption should be calculated carefully [198]. Amooey
et al. removed diazinon from wastewater using the EC [198]. The removal efficiency
was 89% after 35 min of process at pH 3 [198]. E. Bazrafshan et al. studied the optimum
removal of diazinon from wastewater [199]. The results showed that the removal efficiency
reached 84.6% at optimum parameters, the concentration of 100 mg/L, and the voltage of
20 Volts [199]. G. Hosseini et al. removed diazinon from aqueous media using EC [187].
The results showed that the removal efficiency reached 87% (0.85 mg mass removal) at a
pH in the range of 6.5–7 [187].

The EC’s primary interaction is a physical interaction that is based on the destabiliza-
tion by different mechanisms, such as electrostatic interactions or charge neutralization,
and adsorption, as discussed earlier. The heat can cause a secondary chemical interaction
by breaking bonds and bond formation with the cations to form flocks of new compounds.
Heidari et al. studied the possible degradation mechanisms of diazinon by the electro-
Fenton process. They reported that might be oxidation and hydroxylation reactions [200].
Therefore, different compounds will exist, namely, (IUPAC) (O,O-diethyl O-(2-hydroxy-6-
methylpyrimidin-4-yl) phosphorothioate) and (diethyl (2-isopropyl-6-methylpyrimidin-
4-yl) phosphate), due to hydroxylation and oxidation, respectively. Moreover, by break-
ing P-O bonds, three other simple compounds can be formed, which are (2-isopropyl-
6-methylpyrimidin-4-ol), (O,O-diethyl O-hydrogen phosphorothioate), and (diethyl hy-
drogen phosphate). This possible pathway is demonstrated in Figure 8. However, these
compounds might also be oxidized and adsorbed on the metal hydroxide surface or ex-
posed to coagulation by metal cation if the phosphate ions are separated. In addition,
further investigations are needed with analyzing the formed sludge using XRD to estimate
the composition and crystal structure of the formed solids.
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Chlorpyrifos

Another organophosphorus pesticide, chlorpyrifos (O, O-diethyl O-(3, 5, 6-trichloro-2-
pyridyl)-phosphorothioate), is frequently used to manage pests, such as the white grub, or
holotrichi consanguine blanch, that typically harms groundnut crops [196,201]. Due to its
broad usage, longevity, and widespread dispersion, chlorpyrifos has considerable negative
consequences on the ecosystem [196,201]. It causes vomiting, autoimmune and develop-
mental issues, and damage to the central nervous and lung damage [201]. Chlorpyrifos has
been found in newborn infants’ meconium, human breast milk, cervical fluid, cord blood,
and sperm [188]. Abdel-Gawad et al. removed some pesticides from wastewater via the
Ethe C process using Fe electrodes [196]. The results showed that the removal efficiency
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of chlorpyrifos was 97% [196]. Saini et al. removed chlorpyrifos from wastewater using
EC/flocculation [201]. The results showed that using Al and FeCl3, the CPF elimination
was 79% and 82%, respectively, at the optimum pH [201].

2.7.2. Humic Acids

Humic acids are important to deliver nutrients from the soil to the plants. They
enlarge nutrient uptake and microbial activity through the soil. However, the process of
treating sewage is made increasingly challenging by the inclusion of organic materials,
such as humic acids. Heavy metal and other similar contaminant elimination can be
dramatically impacted [202]. Even while humic acid is not inherently dangerous, it could
also affect how insecticides and heavy metals, as well as other toxins, function in the
ecosystem [202]. It also serves as a precursor for disinfection byproducts that are both
carcinogenic and mutagenic, such as trihalomethanes and haloacetic acids [202]. It is one of
the primary elements of organic materials dispersed in aquatic environments [203]. This
will interact with chlorine during the chlorination method of treating the water supply
to produce several teratogenic and cancer-causing substances, including haloacetic acid,
haloketone, haloacetonitrile, trihalomethane, and chloroacetaldehyde, that are hazardous
to the public [203]. The sewage treatment industries are now interested in finding ways to
successfully eliminate humic acid from drinkable water without introducing additional
contamination. The creation of novel methods and devices is essential going forward [203].
Xu et al. used a hybrid EC process to eliminate humic acid; the reaction took one hour,
with a pH of 9.3, and the current density was 40 A/m2. The removal efficiency was 99%
from an initial concentration of 30 mg/L, as in Table 7 [204]. Rajaei et al. managed to
reach a 90%+ elimination rate of humic acid within 25 min. They used a combination of Fe
and Al as the anode and the cathode, but when the Fe was both anode and cathode, the
elimination rate was 99.4% with the same conditions [205]. They kept the current density
at 4.5 mA/cm2; when the electrodes were Al, the elimination efficiency was 96.1% [205].
Barhoumi et al. reached an elimination efficiency of 93% within just 10 min [206]. They set
the initial concentration to be 150 mg/L, and the current density was 1.388 mA/cm2 [206].

Table 7. Using EC for removal of pesticides and humic acid from aqueous solutions in different
previous studies.

No. Removed
Substance Anode Cathode Gap

(cm)
Concentration

(mg/L)
Efficiency
η (%) pH Time

(min)
Power
(A/m2) Ref.

1 Oxyfluorfen BDD (Stainless
steel or BDD 428.05 mg/L 75 6.5 [207]

2 Malathion (Fe) (Al) 85 7.5 75 [184]

3 Humic acid,
NH4

Al
Electrically
conductive
membranes

30, 300 99,
68 9.3 60 40 [204]

4 Humic acid Al 70 93 4 30 13.88 [206]

5 Humic acid Al Fe 30 99 5 25 4.5 [205]

6 Glyphosate

Al Al 94

6.7 60 60 [190]
Fe Fe 88

Steel Steel 62
Cu Cu 46

7 Malathion Al Al 2 40 90 6 10 100 [186]

8 Acetamiprid Al Al — — 97.6 7–8.5 0–60 0.1–0.5 [183]

9 Diazinon Al Al — — 89 3 35 120 [198]

10 Malathion,
chlorpyrifos Fe Fe — — 98–99 6–7 10 10 [196]

11 Humic acid Ti Ti 0.2 — 100 9 60 100 [208]

12 Humic acid Al Al 1 — 90 6.6 10 24.3 [209]
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3. Challenges

Even though EC has been utilized for an extended period, the existing literature does
not give an organized approach to EC design, as well as operation. On a laboratory scale,
EC is effectively utilized for purifying water and wastewater. Nevertheless, scaling up to
meet the demands of the industry is difficult because present studies focus primarily on the
elimination of particular contaminants from wastewater using sequential experiments [46].
Constant models will make it easier to forecast the efficiency of EC reactors while creating
them, as well as provide a better knowledge of the design factors, enabling the technology
development to move beyond its current impracticality.

As a result, the commercialization of such technology will be determined by its ability to
meet business objectives, such as minimizing expenses for operation and upkeep and earning
a profit from investment in the shortest amount of time. The technology is also up against
proven water treatment methods, such as adsorption, and membrane systems. Merging the
EC technique with current technologies would increase the likelihood of success.

The process of passivation of the electrodes is an important obstacle to the acceptance
of EC since it has been shown that the homogeneous, planar shape of the electrode trans-
forms into a heterogeneous shape with overuse [50]. The passive coating that forms on the
outermost layer of electrodes raises the consumption of electricity, while decreasing the
pollutant removal performance. Whenever DC is applied, an inert oxide coating develops
on the cathode surface, which limits efficient current transfer between both electrodes. On
the other hand, alternating current (AC) permits both the cathode and anode to be switched
at regular intervals, essentially overcoming the shortcomings of the DC-EC method [210].
AC is more affordable than DC, which is generally attributed to less electrode passivation.
The delay in cathode passivation and anode degradation demonstrates that AC has a
satisfactory operating lifespan.

4. Summary and Path Forward

The EC technique is extremely effective with various types and classifications of drugs,
as mentioned above. Developing this technique with more investigations by optimizing the
parameters can enhance and improve removal efficiency. Further, this technique can be a part
of a series of operating techniques for optimal results. However, there are lacks that should be
mentioned. There is a lack of studying the effect of EC on many types of drugs, and that is
acceptable, but EC can give different results for the different members of the same family. As
an example, in the penicillin family, it is not effective against AMP, while it might be extremely
effective against AMX antibiotics. That means the same family, not the same results, which are
quietly understandable due to the physical and chemical details, such as chemical structure,
surface charges, and the bonding energies between the atoms. There is a lack of investigation
into the effect of EC on benzylpenicillin (Penicillin G), nafcillin, oxacillin, etc., as well as all the
second generations of cephalosporin, most of all glucocorticoids, and almost all anticonvulsants.
These points are mentioned due to their family’s existence in the current articles. Therefore,
more investigations are needed for more drugs to detect the lack of effectiveness and being
treated. The current study strengthens previous research by incorporating a full list of pollutants,
while distinguishing between their categories. Other emerging organic pollutants, such as those
associated with runoff from farms, are also addressed.
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