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Abstract: The electrocoagulation (EC) process has been widely studied in recent years to remove
a wide range of contaminants present in different types of water: fluorides, arsenic, heavy metals,
organic matter, colorants, oils, and recently, pharmaceutical compounds. However, most of the
studies have been aimed at understanding the process factors that have the most significant effect
on efficiency, and these studies have been mainly on a batch process. Therefore, this review is
focused on elucidating the current state of development of this process and the challenges it involves
transferring to continuous processes and the recent exploration of its potential use in the removal of
pharmaceutical contaminants and its implementation with other technologies.

Keywords: electrocoagulation; reactor design; pharmaceuticals removal; hybrid systems

1. Introduction

Various pollutants in water for human use and consumption, municipal wastewater,
and industrial effluents represent a public health problem and a threat to ecosystems. Con-
taminants such as fluoride, arsenic, heavy metals, dyes, fats and oils, and pharmaceuticals,
to name a few, come from various sources, and their removal represents a challenge due to
the characteristics of each type of water. Even so, the EC process has shown high versatility
since it allows one to efficiently remove these contaminants [1–7] in underground, surface,
and residual water.

Until now, extensive studies have been carried out on the parameters that have a more
significant effect on the batch-scale EC process. For example, the initial concentration of the
pollutant, current density, pH, applied voltage or current, treatment time, temperature, the
distance between electrodes, electrode arrangement, stirring speed, and support electrolyte
are the parameters that have been most evaluated [8–13]. However, evaluating the removal
of pollutants in a continuous process, determining which aspects significantly influence
removal efficiencies, and keeping the operating system efficient are some of the aspects to
be addressed urgently to implement this technology. In addition, being able to scale up to
larger dimensions than those used in the laboratory, to couple this process to other removal
processes, purification plants, or wastewater treatment, has to be considered.

In the last decade, in addition to efforts to understand the removal mechanisms and
the most critical operational parameters, some research has focused on bringing the process
to continuous flow. For this, some authors have chosen to evaluate the process in batch and
subsequently in continuous [14–20]. From the exploration of the batch process, the authors
obtain the optimal parameters of the process. Then, the experiments in the continuous
process are carried out, generally in the same reactor.
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Designing an EC reactor through modeling tools is crucial since it affects performance
and is decisive when scaling [21]. Having so many parameters to consider, some authors
have focused on the cell geometry and the effect that it has on the flow regime [22–24]. Other
authors have focused on the design of the electrodes to minimize energy consumption [25]
or through an analysis of the current and potential distribution [26], as well as the design
of processes where sedimentation and sludge separation units are considered [27–29]. The
flow rate and residence time have been the most evaluated operational parameters inherent
to a continuous process.

There is no universal design; instead, reactor designs have been developed for each
pollutant evaluated by various authors. However, although the geometric and electrode
configurations are different, it can be said that all the continuous processes designs come
from a deep understanding of the EC process’s theoretical principles evaluated on a
batch scale (Figure 1). Furthermore, in recent years, the new research trend has been
directed to incorporate this process with other water treatment technologies to increase
efficiencies or attack different pollutants, organic and inorganic. Due to the EC’s success, its
application has recently been explored in pharmaceuticals removal, detected in surface and
groundwater [30]. This review aims to present the current panorama of the development
of the EC process concerning its implementation in a continuous flow, which brings this
technology closer to the application on a larger scale and its coupling with other processes.
This fact makes its application more feasible to remove pharmaceutical contaminants
present in the water.

Figure 1. Steps of design continuous EC process.

2. Theoretical Principles of the EC Process

The EC process consists of the electrochemical generation of species within the solution
by applying an electrical current through the sacrificial electrodes. The produced species
destabilize the colloidal particles through the neutralization of charges, which produces
the formation of larger flocs, in which the contaminants are trapped. These flocs can be
separated from the solution by floating or sedimentation [31,32].

The generation of metal ions takes place at the anode. At the same time, hydrogen gas
is produced at the cathode, which can also help flocculate particles float out of the water.
Therefore, this process is sometimes also called electro flocculation. Aluminum and iron
electrodes effectively remove pollutants under favorable operating conditions [11]. The
mechanisms of the reactions that occur can vary because it is a very dynamic process, and
it changes as it progresses or when the operating parameters are changed; it is also variable
for each type of pollutant. However, it can be generalized regarding the following reactions
that take place at the anode and the cathode [33]:
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Anode:
M(s) → Mn+

(aq) + ne− (1)

2H2O(l) → 4H+
(aq) + O2(g) + 4e− (2)

Cathode:
Mn+

(aq) + ne− → M(s) (3)

2H2O(l) + 2e− → H2 + 2OH−
(aq) (4)

Two mechanisms for the production of iron hydroxides have been proposed for the
iron electrode, Fe(OH)n, where n = 2 or 3 [11]. In the first mechanism, 4Fe(OH)3(S) occurs
(Equations (5)–(8)) while the second mechanism results in Fe(OH)2(S) (Equations (9)–(12)).

Anode:
4Fe(s) → 4Fe2+

(aq) + 8e− (5)

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

(aq) (6)

Cathode:
8H+

(aq) + 8e− → 4H2(g) (7)

General reaction:

4Fe2+
(aq) + 10H2O(l) + O2(g) → 4Fe(OH)3(S) + 4H2(g) (8)

Anode:
Fe(s) → Fe2+

(aq) + 2e− (9)

Fe2+
(aq) + 2OH−(aq) → Fe(OH)2(S) (10)

Cathode:
2H2O(l) + 2e− → H2(g) + 2OH−(aq) (11)

General reaction:

Fe(s) + 2H2O(l) → Fe(OH)2(S) + H2 (g) (12)

On the other hand, with the use of aluminum electrodes, the following reactions are
carried out [34]:

Anode:
Al → Al3+(aq) + 3e− (13)

Cathode:
3H2O + 3e− → 3

2
H2 + 3OH− (14)

After the generation of the ions Al3+(aq) and OH−, reactions occur that form various
monomeric and polymeric species that have different charges [35] which eventually trans-
form into the insoluble hydroxide Al(OH)3 forming a kind of “sweep flocs” that have large
surface areas where adsorption takes place [34]. These flocs can be present in the solution
depending on the pH and the concentration of the coagulating metal.

An increase in the concentration of Al3+ and OH− favor the equilibrium and the forma-
tion of this insoluble amorphous species that remove pollutants through co-precipitation [35].
Species Al(OH)3 is formed through a series of reactions that take place as the process pro-
gresses (Equations (15)–(17)) [36], while as the process progresses, the pH increases and the
insoluble species begin to appear Al(OH)−4 (Equation (18)).

Al3 + H2O ↔ Al(OH)2+ + H+ (15)

Al(OH)2+ + H2O ↔ Al(OH)+2 + H+ (16)
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Al(OH)+2 + H2O ↔ Al(OH)3 + H+ (17)

Al(OH)3 + H2O ↔ Al(OH)−4 + H+ (18)

According to Hakizimana et al. [31], there are different equilibrium reactions of the
metal hydroxides formed with the soluble contaminants in the solution. Due to this,
removal occurs by different mechanisms (Figure 2).

Figure 2. EC process removal mechanisms according to the type of contaminant.

Main Operational Parameters

Recent advances in EC processes indicate that the removal rate depends on specific
operational parameters such as the initial concentration, current density, pH, material,
number, arrangement of the electrodes and the distance between them, the conductivity of
the water to be treated, as well as the treatment time [9,10,12,33].

Figure 3 outlines how the main parameters affect the efficiency of the EC process.
These factors have been widely discussed and evaluated with various pollutants, and
further reference can be found elsewhere [21,31,33,37,38]. In general, all effects contribute
to two phenomena determining the efficiency: the coagulating species formed and the mass
transfer/mixing conditions. In addition, operating parameters such as current density,
pH, electrode material, supporting electrolyte, conductivity, electrode arrangement, and
treatment time are factors that govern the coagulant species generation through other
variables which affect the efficiency of the process, such as the generation and size of gas
bubbles, Faradaic resistance, due to the oxidation-reduction reactions occurring in the cell,
the ratio between the potential difference and the current applied to the system (ohmic
resistance), as well as the passivation of the electrodes.

The mass transfer/mixing condition is another factor affecting the efficiency of the
process. Two main effects that are parameters of the physical design of the reactor come
together: the cell geometry and electrode arrangement, and the hydrodynamics. In addition,
the current density, an operational parameter, also influences the mass transfer and mixing
conditions through the generation of the bubbles. Therefore, it can be deduced that the
EC process removal efficiency depends on the optimal reactor physical design and the
operating parameters.
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Figure 3. Main factors affecting the EC process (Modified Hakizimana et al. [31]).

3. Aspects to Be Considered in the Design of EC Reactors

Reactor design is the focal point of an electrochemical water treatment process; the
performance of the reactor has a direct effect on the process operation, and the cost since it
affects many of the other units of the process, such as settlers and filters [39]. Therefore,
it is necessary to analyze this aspect if it is intended to develop systems that operate in
continuous flow with careful attention to develop an appropriate geometrical design, to
select the electrode material and the complementary equipment such as pumps and settling
tanks, among others. It is especially relevant to minimize the potential drop between the
electrodes to improve conversion efficiency and energy requirements in the process. It
should also be taken into account that the effluent and various solid species affect the
hydrodynamic conditions of the reactor during electrolytic processes [21].

In order to optimize the process in terms of energy consumption and increase the
oxidation rate, it is desirable to have a suitable reactor design based on the characteristics
listed in Figure 4 according to Nava and Ponce de Leon [40], which are associated with
selecting a suitable geometry and the arrangement of the electrodes.

In addition, these aspects influence the system’s hydrodynamics and impact other
phenomena and conditions that occur inside the reactor, such as the passivation of the elec-
trodes, the flow regime, and the pressure drop. For example, the mass transfer depends on
the previous phenomena and determines the formation of flocs and the carry or stagnation
of sludge. On the other hand, the arrangement of the electrodes determines the current
and potential distribution in the cell. Thus, the conjunction of design factors, phenomena,
and conditions mentioned above influences the efficiency of the process (Figure 5).
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Figure 4. Characteristics of a reactor for optimization of the process in terms of operating costs, energy consumption and
removal rate.

Figure 5. Conditions that influence the efficiency of an EC process for water treatment.

The reactor efficiency is affected by the cell geometry and by the configurations of
the electrodes and mixing implements [41]. For example, depending on the orientation
of the plates that work as electrodes, the flow in the reactors can be horizontal or vertical
(Figure 6), and the flow through the electrodes can be divided into multiple channels or a
single channel (Figure 7).

Figure 6. Types of reactors: (a) Horizontal flow; (b) Vertical flow [42].
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Figure 7. Flow types according to the arrangement of the electrodes: (a) Multiple channels; (b) single
channel [42].

Multiple channels offer more accessible accommodation but offer a small flow rate, and
some drawbacks such as electrode passivation are impossible to address [42]. On the other
hand, a simple channel offers a higher flow rate. Some factors that are affected by the cell
geometry and configuration are the system hydrodynamics, the mass transfer, the current
and potential distribution, and the passivation of the electrode. The cell design must ensure
that the current and potential distribution is uniform to optimize energy consumption,
oxidation rate, and selectivity [40]. Generally, configurations in which the electrodes are
parallel arranged offer a uniform distribution of current and potential. In addition, it is
easier to control the distance between the electrodes and has a high mass transfer.

The characterization of hydrodynamics allows knowing variables such as fluid velocity
profiles. Those profiles influence the formation of flocs and the transport of the formed
sludge. The production of sludge within the EC process must be considered when designing
a continuous flow reactor. Stagnation of sludge can become a problem, which can be largely
avoided or remedied by increasing the volumetric flow [26]. By determining the flow
patterns in the fluid, the residence time distribution can be determined, which influences
the efficiency of the process because the fluid elements have different residence times [40].
These fluctuations generate a difference in the contact of the coagulant or oxidizing species
with the pollutants; they can even promote or inhibit the formation of flocs. In addition,
the distribution of residence time allows to know the existence of stagnation zones or dead
zones in the reactor that results in the fluid taking a longer time than expected to leave the
reactor [24].

Electrode passivation is another problem that can be prevented or corrected by con-
trolling the hydrodynamics of the process. In reactors that do not have a mixing element,
or in those in which the electrodes are static, it is common to form an oxide layer on the
surface of the electrodes, resulting in their passivation and, along with it, a decrease of
mass transfer and process efficiency, and increase the electrical energy consumption [41].
It is also essential to know and determine the magnitude of the pressure drops within
the reactor to determine the energy requirements for pumping to transport the electrolyte
through the cell [40]. Pressure drops are highly dependent on hydrodynamics generated
from cell design and electrode placement.

The EC technique presents scaling problems mainly because the designs used have
been mainly empirical, based on operational parameters that determine the removal
kinetics of a specific contaminant, for example, temperature, current density, treatment time,
electrode material, among others. Analysis of the potential and current distribution must
be considered for a viable reactor design. The selectivity of the EC process is determined
by a uniform potential distribution within the reactor since this parameter determines the
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removal rate of the contaminant, and improving the use of cell energy may be possible
through a current and potential distribution analysis [43].

4. Types of Continuous Flow EC Reactors

Even though the EC technique for the removal of various pollutants has been studied a
lot in recent decades, until now, there is no established reactor design since it is configured
for each process and each specific pollutant; therefore, it is difficult to compare their
performance [44]. This section is intended to describe the types of continuous flow reactors
that have been reported. These are filter press type reactors, mainly, horizontal flow reactors
and vertical flow reactors. More details of the various continuous processes discussed in
this section can be found in Table S1 in Supplementary Materials.

4.1. Filter Press Reactors

The reactor in filter press configuration has been widely used and therefore studied.
This type of reactor consists of a filter press mechanism in which the coagulants are
produced through metal plates that function as electrodes, which are supported by frames.
Subsequently, the treated water goes to a jar test where agitation is carried out to promote
the flocs growth and remove the contaminants. Finally, the precipitation and clarification
stages are carried out [45]. The flow pattern is apparently plug flow; however, this largely
depends on the design of the collectors at the inlet and outlet of the reactor. The design of
the collectors or distributors causes that throughout the reaction area, the speed of the fluid
is not homogeneous, since in the case that the distributors are asymmetric, the elements of
the fluid move at a higher speed in the shorter channels than in long canals. These velocity
gradients within the reactor produce recirculation and stagnation zones, which affect the
mass transfer [22,23].

Several designs of filter press reactors have been developed based on removal effi-
ciency results and the hydrodynamic behavior of the fluid. Some reactors of this type
contain membranes, and it is a divided cell. For example, Hernández et al. [46] conducted a
laboratory-scale continuous flow EC reactor design for arsenic (V) removal. The reactor con-
sisted of 6 channels (8.1 cm in length), four cathodes, and three anodes, whose separation
was 0.6 cm. This design has been the basis for the studies carried out by Flores et al. [45],
who also evaluated an EC process to remove arsenic. The arrangement of this reactor,
of the serpentine type, favors turbulence and mass transfer of the coagulant produced
towards the solution. After the EC process, the treated water goes to a jar test where
it is mixed for 15 min at 30 rpm, to later go to a sedimentation stage lasting 1 h. The
process completely removed the arsenic at a current density of 5 mA/cm2 and a mean
linear flow of 0.91 cm/s. In a later study, Guzmán et al. [47] evaluated the same system for
the simultaneous removal of fluoride and arsenic, present in groundwater from the Bajío
region in Guanajuato, Mexico with initial fluoride concentrations of 2.5 mg/L and 43 µg/L
of arsenic. After passing through the reactor, the solution was stirred at 45 rpm in the jar
tests for 15 min, and then a precipitation step was carried out for 3 h. The best results
were obtained at a current density of 4 mA/cm2 and a mean linear flow of 1.82 cm/s.
Under these conditions, the final fluoride concentration was <0.5 mg/L, while arsenic was
wholly removed.

The removal results and operating parameters of this reactor in these three studies are
presented in Table 1. By using the same reactor, a comparison can be made between these
three processes. When there is a higher pollutant (arsenic) concentration, a higher current
density is necessary to achieve similar removal results. However, there is an essential
variation in the mean linear flows, which may be due to the type of water; in the process
with the highest flow, arsenic was removed from synthetic water; in contrast, the other
two processes were evaluated in groundwater. The removal of the same pollutant in
the same reactor, but contained in different water matrices, allows us to visualize that,
although a systematic reactor design for the EC process is developed, the performance
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with each specific pollutant should be evaluated, considering the type of water in which it
is contained.

Table 1. EC processes comparison carried out in the same filter-press reactor.

Pollutant Removed
Initial

Concentration
(mg/L)

Type of Water
Current
Density

(mA/cm2)

Mean Linear
Flow, u (cm/s)

Removal
(%) References

Arsenic 1 Synthetic 6 4.55 98.5 [46]

Arsenic 0.050 Groundwater 5 0.91 ≈ 100 [45]

Fluoride and arsenic
(simultaneous)

F−: 2.5
As: 0.043 Groundwater 4 1.82 F−: 84.4

As: ≈ 100 [47]

The FM01-LC filter press reactor is a laboratory-scale electrochemical cell [48] and has
been widely used for advanced electrochemical oxidation processes [40]. In this type of
reactor, the electrolyte is distributed within the reactor channel through internal collectors
incorporated in the cell spacers (Figure 8). This type of reactor has also been used for EC
processes to remove fluoride and arsenic simultaneously with aluminum electrodes.

Figure 8. The FM01-LC electrochemical reactor [48].

Sandoval et al. [49] used an electrochemical filter press type FM01-LC reactor with
three undivided cells with four aluminum electrodes separated 0.60 cm through polypropy-
lene flow distributors (Figure 9a) to simultaneously remove fluoride and arsenic. The
hydrodynamic behavior of this reactor had been previously analyzed by Sandoval et al. [50].
By computational fluid dynamics (CFD), it was determined that the flow pattern in this
reactor was closer to continuous mixing flow. The flow pattern of a single cell FM01-LC
reactor has been reported as quasi-plug flow. According to the authors, the flow pattern is
affected by the pipe that communicates the outputs of the three cells, which acts as a mixer.
The flow inlet is at the bottom while the outlet is at the top, so the electrolyte flows up
through each of the three channels (Figure 9b,c). The flow distributors used as separators
allow a turbulent flow regime, which improves the mass transport of the coagulating
species from the anode to the solution, also avoiding passivation. In this process, after the
coagulants production, the solution passes to another flocculation stage, with agitation for
15 min (45 rpm) to promote the flocs’ growth and favor the contaminants’ adsorption.
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Figure 9. (a) Reactor FM01-LC with three cells; Streamlines (b) Lateral view; (c) back view (Adapted
from Sandoval et al. [50]).

Vázquez et al. [51] also evaluated the hydrodynamic behavior of the flow in a FM01-LC
reactor using CFD. The authors conclude that the main reasons why there is no fully
developed flow in this reactor are the asymmetric design of the flow distributor at the
inlet and the fact that the distributor is inverted at the outlet. To correct this problem,
Cruz-Díaz et al. [23] developed a new geometry in the inlet and outlet distributors of a
FM01-LC reactor (Figure 10a,b). In this study, the authors compared the flow distribution
using CFD between the typical FM01-LC reactor and their modified one. As a result, the
new reactor configuration has a more homogeneous velocity field in the reaction zone.
Immediately after the flow inlet, an inverted V-shaped obstacle is encountered, which helps
the mixing at the inlet distribute the same amount of mass in the ducts formed in the first
line of obstacles next, which are intended for the fluid to move with approximately the
same speed. Subsequently, the second line of obstacles promotes the fluid entering the
electroactive zone with the same speed. At the same height of the second line of obstacles,
there is a reduction in both walls of the reactor to avoid the channeling of the flow near
the walls in the typical FM01-LC reactor. On the other hand, the geometry of the outlet
manifolds helps to concentrate the flow to have a uniform velocity in the outlet tube. With
the new geometry developed by these authors, the velocity of the fluid element is the same
at the beginning of the active zone, and when entering the outlet ducts (Figure 10c), high
and low-speed zones are minimized in the electroactive area, and it is possible to have a
fully developed flow.

Frías-Ferrer et al. [22] also adapted the inlets and outlets distributors of a filter press
reactor used for electrodialysis, water treatment, and organic synthesis. Through CFD
and experimental validation, it was determined that a new configuration of the inlet and
outlet distributors promotes optimal mixing conditions due to a more uniform distribution
(Figure 11) and avoids harmful processes such as corrosion of the electrodes and the
formation of unwanted products.
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Figure 10. Inlet and outlet geometry: (a) common FM01-LC; (b) new design; (c) mass transfer
distribution of tracer (adapted from Cruz-Díaz et al. [23]).

Figure 11. Velocity field in reactors: (a) established design; (b) new design. Empty zones designate
stagnant zones [22].

4.2. Rectangular Horizontal Flow Reactors

This type of design is generally an adaptation of the batch reactor, the water to be
treated is introduced with a pump, achievieng the continuos flow. This reactor can overflow
into which the treated water comes out, and in some cases, a settler or a system can be
added to separate the sludge from the water. The reactor can be configured in a single
channel; the electrode plates act as flow deflectors. There are also suspended plates in
different configurations and designs or rod electrodes.

Kim et al. [52] developed an EC process to remove various dyes in a single channel
continuous rectangular reactor. The authors point out that due to the arrangement of the
zigzag electrodes and the fact that the spacing between them was minimal, it could be
considered that there is no mixing of the flow in the longitudinal direction. Therefore, it
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is considered a plug flow tubular reactor (PFTR). The process allows one to obtain high
efficiencies for the dye removal in synthetic water. However, a decrease in efficiency was
observed compared to synthetic solutions when dyeing wastewater is treated since it was
only possible to remove 41.4% of color and 51.4% of chemical oxygen demand (COD) under
optimal operating conditions.

In another study to remove another dye (Orange II), Mollah et al. [53] evaluated the EC
process in a single channel continuous flow apparatus distributed by Kaselco EC Treatment
Systems, Texas, USA. Under optimal conditions, this process allowed the removal of 98.5%
of the dye in synthetic water. Hence, the authors concluded that the apparatus designed by
the company could be a viable option to remove textile dyes.

Merzouk et al. [1] evaluated the performance of a rectangular horizontal flow reactor
in which the EC and electroflotation processes are carried out. The cell was divided into
two compartments; in the first one, the EC process is carried out. The treated water passes
to the second compartment by overflowing, where the sludge is separated from the water
by flotation or sedimentation (Figure 12). In this process, the optimal parameters to remove
red dye and COD, efficiencies greater than 85% and 80%, respectively, were obtained.

Figure 12. Experimental setup of continuous EC cell: (1) wastewater tank; (2) peristaltic pump; (3) in-
let of the first compartment; (4) electrodes; (5) first compartment; (6) sludge; (7) second compartment;
(8) sludge exit (overflow); (9) treated effluent outlet; (10) treated water tank; (11) outfall [1].

Kobya et al. [14] conducted a study to treat zinc phosphate coating wastewater from an
automotive assembly plant. The authors first evaluated the batch process to determine the
optimal operational parameters. Subsequently, they carried out the process in a continuous
flow, varying the flow from 50 to 400 mL/min, and the electrode material, iron, and
aluminum. The aluminum electrodes showed to be more efficient in removing zinc and
phosphate, obtaining removal efficiencies for both pollutants greater than 95% in all the
evaluated flows. In comparison, the iron electrodes allowed efficiencies in the range of
85.5% to 99.6%. In addition, the increase in flow was shown to be the factor that most
influenced the efficiency decrease.
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Vázquez et al. [43] performed an analysis of primary potential and current distribu-
tions using CFD, considering these parameters as critical factors in the energy-efficient
design of an EC reactor. The reactor consisted of a single channel rectangular cell with
eleven aluminum electrodes, six cathodes and five anodes in parallel connection, with a
continuous flow of 1.6 L/min. The process was performed in wastewater from a paper
mill to remove turbidity, evaluating COD and biochemical oxygen demand (BOD) values.
Optimization of the process was carried out through uniform distribution of potential and
current. However, the authors conclude that a more uniform current distribution does not
significantly affect the final COD and BOD concentrations. Nevertheless, the proper current
distribution, achieved when both edges of the anodes are insulated, is a determining factor
in energy consumption. This, in turn, promotes a higher rate of aluminum ion production,
which increases the removal of colloidal matter.

Vázquez et al. [26] also conducted a CFD study to determine the hydrodynamics and
the current and potential distribution in a multichannel cell used for an EC process. The
reactor consisted of an open cell with thirteen aluminum electrodes, six anodes and seven
cathodes. An outstanding aspect in the design of this reactor was the modification in the
aluminum plates used as cathodes by making holes in them to minimize the production of
hydrogen bubbles and thus reduce the potential increase in the cell. Therefore, the authors
sought to optimize the process in terms of energy consumption by analyzing the distribu-
tion of current and potential and by modifying the design of the electrodes. As a result, the
authors conclude from their analysis that it is better not to isolate the electrodes in this reac-
tor design because this reduces the formation of aluminum flocs. Under optimal conditions,
this process efficiently removed turbidity (97% removal) Recently McBeath et al. [54] also
carried out a CFD modeling of the hydrodynamics and current distribution in a horizontal
continuous flow EC reactor. This study observed that the areas of low current density
have a higher flow velocity. Therefore, the distance between electrodes was increased to
avoid this phenomenon, and a more uniform current distribution was observed, although
a higher ohmic resistance was also generated.

Song et al. [24] studied the hydrodynamics and species generation process in a rectan-
gular reactor with four iron electrodes, acting as flow deflectors. These authors tested two
configurations in the arrangement of the electrodes to determine which was the optimal
one. In this type of reactor, the configuration of Figure 13a,b is generally used. In this study,
the authors conclude that the traditional configuration is better than the new proposed
configuration (Figure 13c,d) because the original configuration offers more significant mass
transfer and more uniform mixing. They evaluated four flow rates (0.035, 0.043, 0.055,
0.077 L/min) to determine this parameter’s effect on the removal efficiency of arsenic
and antimony. The best efficiencies were obtained at a flow of 0.043 L/min, 99.73% for
arsenic, and 94.87% for antimony. An efficiency decrease was observed at higher flow
values. The authors conclude that even though the increase in flow favors mass transfer
by reducing stagnation zones, the removal efficiency of pollutants decreases because the
formation of flocs is not favored under these conditions. In this study, a CFD theoretical
evaluation and experimental of the current and potential distribution was also carried out
to observe the effect of insulating the edges of the anodes. The results showed that the
highest efficiencies are obtained when both edges are insulated due to a more uniform
current distribution. They consider that this parameter is essential in designing an EC
reactor, as Vázquez et al. [43].

Mohora et al. [29] evaluated an EC-flocculation (ECF) system to remove arsenic in
groundwater. The reactor used was a continuous horizontal flow. The reactor geometry,
within which the coagulation, flocculation, flotation, and sedimentation units were found
together, caused the processes to occur in parallel. The pollutants were evacuated by
flotation and constantly removed into a tank. The polarity of the electrodes was changed
every 30 and 15 min. In this reactor, no additional complementary equipment such as the
sedimentation tank is considered, nor the separation of the sludge from the treated water;
samples were taken from the reactor through a sampling point at the determined residence



Processes 2021, 9, 1831 14 of 33

time of the treatment. With this process, arsenic was removed with 93% efficiency from an
initial concentration of 51 µg/L. In another study, Mohora et al. [55] evaluated the removal
of arsenic in the same reactor using iron electrodes treating a volume of groundwater of
7.9 L. The initial concentration of arsenic was 38.15 µg/L, and they were able to remove
96%. The same reactor was used in both processes, but the electrode material was different.
However, although the removal efficiencies are similar, the operating conditions were
different because, in the first study, a current density of 8.86 mA/cm2 and a flow of 7 L/h
were applied. In contrast, in the second study, these values were 1.98 A/m2 and 12 L/h.

Figure 13. Diagram of three-dimensional configuration and cross-sections: (a) typical configuration;
(b) X-Y cross section; (c) new configuration; (d) X-Y cross section (adapted from Song et al. [24]).

Kumar and Goel [28] designed and built an EC reactor manufactured in Perspex with
36 cm × 12 cm × 11.5 cm dimensions. A flow of 2 L/h was supplied with an estimated
retention time of 2 h. Two steel electrodes with 14.5 cm × 2.5 cm dimensions and 0.1 cm
of thickness were used, which were immersed (9 cm), and the distance between them
was 7 cm. First, the coagulation, flocculation, sedimentation, and flotation stages occur
inside the reactor. Then, the sludge was separated through the lower part of the reactor;
and the treated water was passed to a 20 mm filtration column, in which the flow was by
gravity, filled with 6 mm glass beads, whose purpose was to remove suspended solids and
turbidity (Figure 14). In this study, an analysis using a tracer to determine if the flow in the
reactor approached a plug flow reactor (PFR) or continuous stirred tank reactor (CSTR) and
obtained the real residence time was also carried out. The results showed that this design
is closer to a CSTR and that the residence time was 3.86 h versus the design time of 2 h.

Figure 14. Experimental set-up diagram [28].

Another reactor design that considers the separation of sludge and effluent is the one
developed by Makwana and Ahammed [56]. It consisted of a reactor with a capacity of
8.3 L and was divided into three compartments (Figure 15); in the first one, with a capacity
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of 1.5 L, the EC process was carried out. Later, the water passed to the second compartment
in which the foam was removed, and finally, in the third compartment, it settled and
removed the sludge from the effluent. The mentioned unit was used as a post-treatment
of anaerobically treated wastewater. COD removal was evaluated by varying the current
density and residence time parameters, achieving removal of 67.15% of COD. As an extra,
the authors mention that they obtained 99.91% removal of total coliforms and 99.86% of
fecal coliforms, so this process as post-treatment in wastewater treatment plants (WWTP)
could be auspicious.

Figure 15. Experimental set-up [56].

Karamati-Niaragh et al. [57] used a horizontal flow reactor to remove nitrate. A section
for the settler after the EC process is also considered in this design. The authors evaluate
the efficiency of the process in terms of removal and cost, considering mainly the effect of
the application of alternating current and direct current. The results showed that the use of
alternating current has an effect mainly in reducing the consumption of the electrodes. As
a result, the process allows obtaining removal efficiencies greater than 60% at the cost of
USD $54/(kg nitrate removal) applying direct current and USD $29/(kg nitrate removal)
for alternating current.

Abbasi et al. [58] evaluated a continuous process for the treatment of licorice processing
wastewater through a reactor that consisted of the EC cell and a sedimentation/flotation cell
where the sludge was removed. In this reactor, four iron electrodes in vertically arranged
plates were used, connected to direct current, while two pairs of four plates were placed
without connection between the vertical plates for a bipolar connection. An external stirrer
carried out stirring. The process allowed removal with efficiencies of 90.1% for color, 89.4
for COD, 82% for turbidity, and 73.3 for alkalinity. Ezechi et al. [59] evaluated the process
in a rectangular reactor in which four pairs of electrodes are suspended, and stirring is
provided using a magnetic stirrer. In this study, iron and aluminum were evaluated as the
electrode material to remove boron from produced water, which comes from the gas and
oil extraction process. Aluminum as electrode material turned out to be more efficient to
remove boron, achieving a removal percentage of 84% in a residence time of 45 min. The
authors point out that reducing the residence time results in a removal decrease; because a
longer residence time implies a longer contact time between the electroactive species and
boron, and therefore, a more significant flocs formation.

In most rectangular continuous reactors, the mixing occurs by the flow and the
electrodes’ geometry arrangement. Some authors have chosen to test novel configu-
rations on the plates used as electrodes to promote mass transfer. Such is the case of
Abdulhadi et al. [25], who used plates with 35 circular perforations to promote flow mix-
ing without the need for an external mixing element. The different distribution of the
perforations in anodes and cathodes promotes even better mixing (Figure 16), which re-
duces energy consumption. The process was able to remove 99.9% of the iron in 50 min
of treatment.
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Figure 16. Electrode design and electrode arrangement to promote mixing [25].

In addition to the designs in the plates that promote mixing, other elements have been
added in the reactor which acts as flow deflectors and promote more effective hydrody-
namics inside the reactor, reducing dead zones or stagnation. Ntambwe Kambuyi et al. [60]
present in their recent research a novel system of a single channel continuous flow reactor
in which the baffles are glass plates. The reactor consists of 20 channels which, according to
the arrangement of the plates, can be upward or downward flow, with a pair of aluminum
electrodes in the upward flow channels; in total, there are ten pairs of electrodes (Figure 17).
The authors evaluate with this design the convenience of using many electrodes or not,
reducing the pairs of active electrodes until the optimal configuration is found. Since
the electrodes do not act as baffles, the hydrodynamic advantages that glass baffles offer
by inactivating the single or multi-channel electrode pair are not sacrificed. The authors
conclude that the optimal configuration is four pairs of electrodes working in the first
eight channels of the reactor, while the last channels act as mixers and promoters of floc
formation. This is because when there are more electrodes in the cell, the electro-dissolved
aluminum from the last channels will not have sufficient residence time. Therefore, its
contribution will be minimal for removal efficiency.

Figure 17. Configuration of a recent continuous flow reactor design [60].

The application of electric current, necessary for the EC process, is the aspect that
most influences the cost of the process and has been one of the limitations to apply this
technology. Aside from optimizing the process in terms of operational parameters, cell and
electrode designs, some researchers have also explored the possibility of supplying the
electricity needed for the process through renewable energies such as solar. For example,
Nguyen et al. [19] evaluated the possibility of using solar energy for the process in a
continuous flow rectangular reactor using a 12 V solar panel, in addition to comparing the
efficiency using a direct current source. With promising results for its application in rural
areas, this system treated 12 L/h with solar energy achieving an arsenic removal >91%.
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Furthermore, it was estimated that the anode could be replaced after 500 days if the system
was operated for 4 h per day.

Hendaoui et al. [61] developed a continuous EC process to treat effluent from the
textile industry, including a smectite-rich clay adsorption unit. The process consists of
two rectangular reactors, the first for the EC process and the second for the adsorption
process. The authors point out that the process can remove color, COD, and total suspended
solids (TSS) with efficiencies of 96.87%, 89.77%, and 84.46%, respectively, with the addition
of a clay suspension in a flow of 100 mL/min. Another relevant result of this process
combination is the adsorption process’s contribution in removing the measured parameters.
Compared to the efficiencies of the EC process alone, clay adsorption promotes color
removal from 87.3% to 96.58%, for COD from 81.4% to 89.62%, and for TSS from 73.75%
to 84.5%.

Kuokkanen et al. [20] used a reactor based on the patent FI127889B of Rajaniemi et al. [62].
The process is evaluated to remove turbidity, COD, Cr, Zn, and Al from wastewater from a
metallurgical industry, obtaining removal efficiencies of 91%, >91%, 95%, 93%, and 85%,
respectively. In addition, the authors carried out filtration tests to determine the effect that
the filter size has on the metal concentration in the treated water from the dissolution of the
electrodes; the results showed that the filter size has a significant influence on the residual
concentrations of the anode material, in this case, iron or aluminum. Although residual
aluminum is present in those samples filtered at sizes of 10 µm and 5 µm, the filter sizes
that most remove aluminum are those with a size of 0.45 µm to 3 µm. This is an essential
contribution to the study of the feasibility of the EC process since the quality of the treated
water can vary according to the degree of filtration that occurs at the end of the process.
However, the authors of this study emphasize that this type of analysis should be done in
other EC processes to treat another type of water because the characteristics of the study
water may influence its results.

Wu et al. [63] developed a process to remove methyl orange in a continuous flow
reactor in which the electrodes are iron plates bent in a zigzag. In this research, the effect
of the flow rate, the spacing between the electrodes, and the bending angle in the plates
used as electrodes was studied on the removal efficiency. The flow rate study showed that
both high and low flow rates do not promote high color removal efficiencies; in a range
of 15 to 105 L/h, a flow of 60 L/h was optimal. According to the results, the distance
between electrodes was established at a value of 2.5 cm, while the bending angle on the
plate was 75◦, thereby obtaining a color removal efficiency of 99.23%. After obtaining
these parameters, the authors evaluate the effect of the initial concentration, the current
density, and the treatment time, the first of the variables being the one that has a more
significant influence on the discoloration, in addition to indicating that the interactions
between the factors mentioned above have no significant effect. From these operational
parameters, an optimization of the process is carried out through the statistical model.
A removal of 90.53% was estimated for an initial concentration of 134.03 mg/L of dye.
Experimental validation of this model was carried out, obtaining an average removal
percentage of 92.35%. In addition, the process performance with flat plates was compared
under the same conditions, and the efficiency was 58.9%. The authors of this study
emphasize that it is necessary to carry out a statistical study for each reactor and, in this
way, obtain the critical variables of each process.

4.3. Vertical Flow Reactors

This type of reactor has also been studied in various designs and has shown good
efficiencies to remove various pollutants. For example, Parga et al. [64] developed a
continuous EC system to remove arsenic. This design has a porous tube through which
contaminated water passes. The air is injected into the tube before passing through the
vertical electrodes found in the cell, with seven carbon steel electrodes used as anode and
cathode. The vertical geometry of the electrodes through which the flow received passes
the use of oxygen and hydrogen gas generated in the hydrolysis of the water will facilitate
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the removal of the ferric and ferrous species in which the pollutants are removed. The
electrode spacing was 6 mm, and their dimensions were 10.0 cm × 15.4 cm, while the
cell volume was 1.2 L. These same authors subsequently applied the process on a larger
scale (pilot plant) for the treatment of well water with 0.040 mg/L of arsenic at a flow of
30 L/min. The system was coupled to pumps and separation tanks using a filter press to
collect residual sludge after the process. The arsenic removal achieved with this system
was around 99%. Parga et al. [65] evaluated the same system for arsenic and chromium
removal; air injection improved the efficiencies from 95.54% to 99.77% for arsenic removal,
while for chromium, the increase was from 97.3% to 99.9%.

Emamjomeh and Sivakumar [27] designed and built a continuous system for EC. The
cell consisted of a rectangular Perspex acrylic container. In addition, sedimentation and
flotation tanks were configured, with a volume of 49 L. This is a complete design since it
considers the separation of the sludge from the treated water through the sedimentation of
the sludge particles by gravity. In this way, it is possible to have a container for the sludge
and another for the treated water. This study evaluated the effect of flow rate in the range
of 150 to 400 mL/min on removal efficiency. It was observed that as the flow increases, the
removal efficiency decreases for the same current density because as the flow increases, the
retention time decreases.

Moussavi et al. [15] evaluated an EC process to treat petroleum-contaminated ground-
water. These authors evaluated the batch process’s and once the optimal parameters were
obtained, these were applied to evaluate the performance of the continuous process. As
a result, an increase in removal was obtained from 67.2% to 93.4% of the total petroleum
hydrocarbons, increasing the residence time from 10 to 60 min. Thus, the authors conclude
that the performance of a continuous process depends on the residence time.

Lu et al. [66] evaluated a monopolar continuous design for vertical flow, consisting of a
single compartment reactor with two aluminum electrodes arranged in parallel (Figure 18).
The flow considered in this system was laminar, and the purpose of the study was to
determine a mathematical model for mass transfer and the generation of ionic species.
Furthermore, this model was experimentally validated. This system had already been used
in the study to remove nickel ions from water by Lu et al. [67]. These authors made an
analysis based on the mass transfer through the channel and proposed a new optimization
parameter for the design of continuous flow reactors based on a molar ratio of the adsorbed
pollutant ions and the aluminum ions produced by the anode (M/Al ratio). In addition,
the molar ratio in the sludge produced was analyzed. This study determined that current
density and residence time influence the molar ratio; as current density and residence time
increase, the M/Al molar ratio decreases. This reactor was also used to remove fluoride [68]
and compare the batch’s performance and continuous process. The results showed that the
performance of the continuous process in this reactor design is more efficient to remove
fluoride than the batch process for the range of current densities evaluated from 2.5 to
12.5 A/m2. This was because in the batch process of this reactor, there is no mixing, and
therefore, there is not enough floc distribution. On the other hand, when evaluating the
effect of residence time in both processes, it was concluded that, as the residence time
increases, the continuous process was less efficient than the batch process since back mixing
occurs due to the turbulence generated by the different phases present in the process, and
therefore there is a gradient in the residence time, which does not exist in the batch process.
However, the continuous process allowed the removal of 92.74% of fluorides in a residence
time of 20 min.
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Figure 18. Schematic diagram and experimental set-up of EC process: (1) Raw water tank;
(2) Peristaltic pump; (3) Aluminum electrodes; (4) DC power supply; (5) Outflow tank; (6) Sludge
disposal; (7) Influent; (8) Effluent [67].

Gaalova et al. [69] designed a continuous EC treatment system to remove Fe3+ ions.
The system operated at a flow of 40 L/h with a residence time of 46 s. The cathode used
was stainless steel, while aluminum and mild steel were used as the anode. After the EC
treatment, a stirring of 10 to 25 rpm was carried out to promote the entry of oxygen and
the formation of the flocs, thus allowing sedimentation for a time of 60 min.

Rodrigues et al. [18] used a new vertical flow EC reactor design to remove color,
using a fixed bed anode made of metal spheres with a diameter of 2.4 mm (Figure 19).
This reactor was evaluated for the batch process to determine the electrode material that
provided better efficiencies (aluminum or steel particles). This batch study determined
that the best material was iron; therefore, these particles were used for the continuous
process achieving 98% of color removal in optimal conditions. Furthermore, the authors
compare the same reactor with a flat anode, and the result was a higher performance using
the particulate anode in most of the operating conditions. In addition, a comparison of the
results of this research against other processes evaluated with plate electrodes concludes
that the study reactor being equally efficient in removal percentages, but in a shorter
treatment time, only 0.2 min. Therefore, this reactor type can be a viable alternative for
continuous EC processes.

Another novel vertical flow design developed is recently used for algae harvesting by
Parmentier et al. [70]. This consists of a commercial flotation–electrocoagulation tubular
reactor distributed by Noah Water Solutions. The EC device is like a tower, where the EC
process is carried out in the bottom, and the flotation/flocculation at the top with the solids
and water separation. This commercial design includes a DC converter and a pump to
feed water to the system (Figure 20). In this study, the removal of 88% of Chlorella vulgaris
microalgae was achieved.
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Figure 19. Schematic representation of the experimental system (adapted from Rodrigues et al. [18]).

Figure 20. Schematic diagram and setup of the electrocoagulation-flotation tubular reactor (adapted
from Parmentier et al. [70]).

5. Application of the EC Process in the Removal of Pharmaceuticals

In recent years, the presence of pharmaceutical compounds has been detected in
surface waters and groundwater. These compounds were designed to act and be effective
at small doses. Therefore, it is possible that, although the doses found in aquatic bodies
are low, they may have an effect and be pharmacologically active in other microorganisms
for which they were not originally designed [71]. Therefore, its presence in water poses a
potential risk to aquatic organisms and humans. The primary source of pharmaceutical
compounds to surface water bodies is wastewater treatment plants. Some compounds
can be degraded to a certain degree during biological treatment [72]. However, there is
the possibility that such degradation results in a metabolite that can become more toxic
than the parent compound [73]. Sanitary landfills are also an important source of emerging
pollutants since they generate leachates that, if not adequately contained, can infiltrate
into groundwater or drain into a surface water source [74]. In some cases, the source of
these substances is directly poor disposal of pharmaceutical products, which are dumped
directly into the drainage system [75]. The use of wastewater for irrigation of various
plantations results in the release of pharmaceuticals to the soil. Gibson et al. [76] conducted
a study in the irrigation district of Valle de Tula in Mexico, in which untreated wastew-
ater was used. This study determined that some acidic pharmaceuticals and endocrine
disruptors have poor mobility through the soil horizons; however, carbamazepine was
present in the most superficial and deep horizons, so it can be considered a persistent
pharmaceutical compound with a high potential to contaminate groundwater. In their
study, Lesser et al. [77] also found carbamazepine and sulfamethoxazole in groundwater
from the Mezquital Valley in Mexico.
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In the case of veterinary products, these are of special consideration since, in most
cases, they do not pass through the drainage system. They therefore do not have a bio-
logical treatment in the treatment plants that degrades them in some measure [75]. These
substances are released directly into the environment and can reach bodies of water through
runoff. Once pharmaceuticals have reached a surface water body, such as a river or lake,
they can reach groundwater in lower concentrations. On the other hand, aquifer recharge
is also a potential source of emerging pollutants in groundwater [78].

Although its presence in water has not yet been regulated, concern about the possible
impact on human health and the environment has led to the search for a solution to the
problem posed by pharmaceutical compounds. In this context, recent studies for the
removal of pharmaceuticals have shown that the EC process is efficient and can become a
viable alternative to remove these types of pollutants (Table 2).

Arsand et al. [79] applied the EC process to remove dexamethasone from hospital
wastewater. In this process, up to 38.1% of the drug was removed. It was observed that
dexamethasone removal begins up to 15 min of treatment due to competition with other
organic pollutants present in wastewater; therefore, the authors recommend this process as
a pretreatment for advanced oxidation processes. The removal mechanism is by trapping
colloidal particles by sweep flocs.

Ouaissa et al. [80] removed 96.5% of tetracycline in two minutes of treatment from
a synthetic solution with an initial concentration of 10 mg/L. However, they emphasize
that these results must be corroborated in a real effluent. Nariyan et al. [7] evaluated the
process of removing oxytetracycline hydrochloride, comparing the performance of the
anode material, achieving removal efficiencies of 93.2% and 87.75% for iron and aluminum,
respectively. According to the authors, this process is feasible to remove oxytetracycline in
the range of 50 to 200 mg/L. Finally, Baran et al. [81] evaluated the removal efficiency of
four antibiotics: ampicillin, doxycycline, sulfathiazole, and Tylosin. Of all of them, only
doxycycline, belonging to the tetracycline antibiotics subgroup, was removed completely,
while the only removal of 3.6%, 3.3%, and 3.1% was achieved for ampicillin, sulfathiazole,
and Tylosin, respectively. These three studies demonstrate that the tetracycline group of
antibiotics is susceptible to removal by the EC process.

Barışçı and Turkay [82] in their study obtained removal of 86.6% of ciprofloxacin
in 10 min of treatment, from an initial concentration of 5 mg/L and an applied cur-
rent density of 4.325 mA/cm2. Another study to remove this drug was carried out by
Yoosefian et al. [83]; the process evaluated by these authors was able to remove practically
all the ciprofloxacin from a concentration of 60 mg/L in 20 min applying a current density
of 15 mA/cm2. Both processes had the iron anode as material. The differences between
these studies are mainly due to the initial concentration and the applied current density. In
general, it is necessary to apply a higher current density at higher concentrations to achieve
high efficiencies. Ahmadzadeh et al. [84] also evaluated the removal of ciprofloxacin
through the EC process, although the anode material was aluminum in this process. The
study was carried out in synthetic water with a content of 32.5 mg/L of ciprofloxacin,
current density 12.5 mA/cm2, and a time of 20 min, reaching a removal of 88.57%. Under
the same operating conditions, a complete removal is achieved in hospital wastewater with
an initial concentration of 154 µg/L of ciprofloxacin.

Ensano et al. [85] evaluated the feasibility of removing diclofenac, carbamazepine,
and amoxicillin from municipal wastewater obtained from the WWTP primary clarifier.
Removal efficiencies increase as treatment time increases while increasing current density
from 0.3 to 0.5 mA/cm2 shows an increase in efficiency; however, at higher current densities,
the efficiency decreases due to passivation at the electrode. The authors conclude that
amoxicillin and diclofenac are removed by charge neutralization and electro-flotation,
while carbamazepine is adsorbed on coagulants.

Oulebsir et al. [86] compared the EC process and nanofiltration (NF) process on the
efficiency of each process to remove amoxicillin; They also evaluated a combined system of
both processes to verify the contribution that the EC process can have on the NF process.
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In both processes, pH was a determining factor in removal efficiency. As a result, the EC
process removed 52.7% of amoxicillin at pH 3, while in the NF process, an efficiency of 99%
was obtained at pH 10. On the other hand, in the combined process, EC followed by NF,
similar efficiencies were observed regardless of pH, since the efficiencies were 98.2% and
97.5% at pH 2.5 and 10, respectively. In this study, the use of Ca(NO3)2 as electrolyte in the
EC process is noteworthy, which was transformed into Ca(OH)2 deposits in the cathode
in which some of the amoxicillin was trapped. According to the authors, calcium was
involved in the products generated.

Negarestani et al. [87] remove acetaminophen and ibuprofen with efficiencies of
33.15% and 59.32%, respectively. Applying a double-stage EC process, it was possible to
increase these efficiencies to 48% and 78%. The authors suggest that ibuprofen removal
may be due to charge neutralization, whereas both could precipitate on the coagulant
surface, and sweep coagulation could occur.

Padmaja et al. [88] carried out a comparative study between the efficiency of chemical
coagulation and EC to treat water from a pharmaceutical effluent, the leading indicators
being the removal of COD and total dissolved solids (TDS). Chemical coagulation was able
to remove 93.7% of COD using Alum and 90.0% of COD with FeCl3 and 14.5% of TDS; on
the other hand, the EC process removed 92.3% and 91.5% of COD and TDS, respectively. In
conclusion, the EC process did not require additional chemicals. Furthermore, it produced
less sludge and clearer water than the chemical coagulation process, so it is considered a
process with greater efficiency and applicability.

Govindan et al. [89] obtained the removal of >90% of TOC by EC process in three
compounds: acetaminophen, antipyrine, and atenolol. According to the analysis carried
out, the possible degradation routes of the pollutants can be degraded by direct anodic
oxidation and other redox reactions. It was observed that the degradation of atenolol and
acetaminophen results in less dangerous molecules. Due to their low hydrophobicity, the
compounds could be removed by neutralization of charges.

Kumari and Kumar [90] removed 60% of acetaminophen from river water in 120 min
of treatment. In this study, the effect of the electrode material (iron, stainless steel, and alu-
minum) was evaluated, being the aluminum electrode with which the highest efficiencies
were achieved. According to the sludge analysis, the removal mechanism was by trapping
and adsorption on the Al(OH)3 flocs. According to the results obtained, the authors point
out that this process is feasible to remove concentrations of up to 2 mg/L efficiently.

Lu et al. [91] evaluated the process to remove tetracycline-Cu (TC-Cu) complexes,
which are formed when the drug and metal meet in water; these complexes are very stable
and are considered more difficult to remove than other contaminants. The study evaluates
the removal of TC, TOC, and Cu2+, and the efficiencies obtained were 100%, 80.2%, and
88.1%, respectively. TC and Cu2+ are removed by adsorption, and the latter could also be
removed due to an electroreduction and flotation process. The electrode material was iron,
coinciding with the use of this material with the study carried out by Nariyan et al. [7] to
obtain 93.2% removal of oxytetracycline.

Oliveira et al. [92] showed in their study that the anode material dramatically in-
fluences the removal efficiency. When evaluating the process to remove trimethoprim
and amoxicillin separately and in a mixture; it was observed that trimethoprim is better
removed when the anode is stainless steel, while amoxicillin and the mixture are removed
in major degree with aluminum anode.
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Table 2. Electrocoagulation processes for the removal of pharmaceuticals.

Pharmaceutical
Compound

Initial
Concentration

Type of
Water Anode Material Efficiency

(%) References

Dexamethasone 100 µg/L Hospital
wastewater Aluminum 38.1 [79]

Tetracycline 10 mg/L Synthetic Aluminum 96.5 [80]

Ciprofloxacin 5 mg/L Synthetic Iron 86.6 [82]

Oxytetracycline 50 mg/L Synthetic Iron 93.2 [7]

Ciprofloxacin 60 mg/L Synthetic Iron >99.9 [83]

Ciprofloxacin 32.5 mg/L
154 µg/L

Synthetic
Hospital

wastewater
Aluminum 88.6

~100 [84]

Ampicillin
Doxycycline

Sulfathiazole Tylosin

50 mg/L
50 mg/L
50 mg/L
50 mg/L

Wastewater
(WWTP) Iron

3.6
~100
3.3
3.1

[81]

Diclofenac
Carbamazepine

Amoxicillin
0.01 mg/L Wastewater

(WWTP) Aluminum
44
40
44

[85]

Acetaminophen
Antipyrine

Atenolol

1 mg/L
1 mg/L
1 mg/L

Synthetic Iron >90 (TOC) [89]

Acetaminophen
Ibuprofen

40 mg/L
40 mg/L Synthetic Aluminum

33.15
48 *

59.32
78 *

[87]

Amoxicillin 50 mg/L Synthetic Aluminum 52.7 [86]

Acetaminophen 1 mg/L River water Aluminum 60 [90]

Tetracycline 0.05 mM Synthetic Iron ∼ 100 [91]

Trimethoprim
Amoxicillin

10 mg/L
10 mg/L

Wastewater
(WWTP)

Iron
Aluminum

13.1
21.9

(TOC)
[92]

* Double electrocoagulation stage. WWTP: Wastewater treatment plant; TOC: Total organic carbon.

6. The EC Process Application in Hybrid Processes

Because of how versatile the EC process can be, in terms of the removal of pollutants of
diverse nature, in the last decade there has been interest from various groups of researchers
around the world to determine the contribution that this process can have by coupling it
with other pollutant removal technologies in various types of water.

The EC process has been coupled with technologies such as electrooxidation [93–96],
ozonation [97–99], electro-Fenton [97,100–102], adsorption [103–105], advanced oxidation
processes [97,106], biofiltration [107], ultrafiltration [108], reverse osmosis [106], sonica-
tion [109], ultrasonication [110,111], electrocatalysis [112], photocatalysis [113], oxidative
media filtration [114], catalytic wet air oxidation [105], E-peroxone process [115], gravity
membrane bioreactor [116,117] and microflotation [118], to name a few. In this context,
the EC process has increased the efficiencies, either pre-treatment or post-treatment, of
other processes (Table 3). Contaminants such as chromium complexes (Cr-EDTA), which
are difficult to remove by chemical coagulation, have been efficiently removed (> 99%)
by electrooxidation (EO) followed by an EC process [93]. These two processes were also
evaluated by García-García et al. [94] but in the reverse order, that is, EC process followed
by EO process, to remove COD, total organic carbon (TOC), color and turbidity of indus-
trial wastewater, achieving efficiencies of 99.7%, 70.26%, 100% and 95%, respectively. The
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hybrid EC-EO process has proven to be efficient in removing nitrates. In the EC process, it
is possible to remove nitrate. However, at the end of this, ammonium ions are presented as
by-products, which are removed by the EO process [96].

Table 3. Hybrid processes and efficiency improvement with the electrocoagulation process as pre-treatment or post-treatment.

EC as a Pretreatment

Subsequent Process Evaluated
Parameters

Efficiency a

(%)
Efficiency c

(%) References

EO

COD
TOC
Color

Turbidity

89
48
97
91

99.7
70.3
100
95

[94]

UF

FOG
BOD
COD
TSS

94
87
59
84

>99
98
92

>99

[108]

PC
AO
EF

TOC 34.6
68
92
97

[97]

AOP
(UVA/TiO2) DOC 41 63 [106]

AD Pb(II) 78.5 99.8 [104]

OZ Dye 96.7 99.6 [98]

AD
CWAO TOC 42

17.5
91
62 [105]

MFL Dye 70.75 96 [118]

PH Dye 75.3 86.2 [113]

EF TOC 49 68 [100]

EF Tetracycline 84.92 97.21 [101]

S COD 92.3 95.8 [109]

EC as a Post-Treatment

Previous Process Evaluated
Parameters

Efficiency b

(%)
Efficiency c

(%) References

AD
COD

Ca
Sr

50
0
0

50
88
72

[103]

OZ

Cyanide
COD
BOD
Cl−

96.0
87.7
88.4
40.5

99.8
94.7
95.0
46.5

[99]

EF Carbamazepine 48.47 66.45 [102]
a Efficiency of the EC process; b Efficiency of the process before the EC process; c Hybrid process efficiency; DOC: Dissolved organic
carbon; COD: Chemical oxygen demand; TOC: Total organic carbon; EO: electrooxidation; FOG: fats, oils, and grease; BOD: biochemical
oxygen demand; TSS: Total suspended solids; UF: Ultrafiltration; PC: Peroxi-coagulation; AO: Anodic oxidation; AOP: Advanced oxidation
process; AD: Adsorption; OZ: Ozonation; EF: Electro-Fenton; S: Sonication; CWAO: catalytic wet air oxidation; MFL: Microflotation;
PH: Photocatalysis.

Zazou et al. [97] evaluated the effect of each of three advanced oxidation processes
(electro-Fenton (EF), anodic oxidation (AO), and peroxy-coagulation (PC)) after the EC
process to determine which is the most viable for treating wastewater from the textile
industry. The efficiencies of any combination of processes were more significant than the
EC process alone; however, the performance of the EC-EF process was the most efficient,
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removing 97% of TOC under the same operating conditions in model water. This process
was applied in the treatment of textile wastewater, removing 98.1% of TOC and 100%
of turbidity.

Different pollutants may be present simultaneously in the water, and some of them
may not be susceptible to removal through the EC process; this is the importance of
evaluating hybrid processes that allow the removal of two or more pollutants of different
nature present in the water. McBeath et al. [114] evaluate in their study the effect of the
EC process combined with an oxidative media filtration for the removal of arsenic and
manganese. The results showed that arsenic is efficiently removed by the EC process
(80% removal), which did not occur with manganese (only 10% removal). However, a
significant reduction of manganese (56%) was observed in the filtration process, while the
arsenic was removed almost entirely.

The combination of adsorption (AD) and EC has been evaluated to remove TOC,
turbidity, color, metals, and organic compounds. Bulca et al. [105] used as adsorbent rice
husk-based activated carbon (RHAC) after the EC process. In the latter, a 42% removal
of TOC was achieved, and by coupling both systems, it was possible to remove 91% of
TOC. The authors compare this combination of processes and the EC process followed by
catalytic wet air oxidation (CWAO). The EC-CWAO combination had a lower efficiency
with removal of only 62% of TOC. However, the study concludes that this last hybrid
system may be a promising alternative considering that organic pollutants are degraded
by CWAO and not only transferred from one phase to another, as in adsorption. Another
EC-AD system evaluated by Nigri et al. [103] to remove organic compounds, calcium, and
strontium from a water effluent from the oil industry showed that when these processes are
combined, metals are removed by the EC process (88% calcium removal and 72% strontium
removal), while organic compounds are removed by adsorption (52% removal of organic
matter). Because industrial effluents can contain organic and inorganic pollutants, this
hybrid system can be an option for their treatment. Hussin et al. [104] also evaluated the
EC-AD combination. However, in this system, both processes were carried out in the EC
reactor, adding the adsorbent to it. As a result, 99.88 % of Pb(II) removal was obtained with
the hybrid system, while the EC process and adsorption separately only had efficiencies of
78.5% and 79.3%, respectively.

On the other hand, the sonication (S) process in conjunction with the EC process has
shown itself to be efficient in removing arsenic. However, the cost increases due to the
energy requirement of both processes [111]. As an advantage of this combination, the S pro-
cess improves the EC process’s efficiency by cleaning the electrodes’ surface, which allows
a uniform generation of coagulants [109]. The combination of the EC process with this type
of technology to inactivate Escherichia coli has recently been explored; Hashim et al. [110]
developed a hybrid process applying an ultrasonic field to an EC reactor through which
it was possible to inactivate all the E. coli. On the other hand, Fan et al. [113] obtained
similar results, 99.92% inactivation, through an EC process combined with electrocatalysis.
These results show that the EC process coupled with various treatment technologies is a
promising alternative to solve the presence of various pollutants. However, it is necessary
to balance the convenience of these coupled systems in terms of efficiency and the increase
in the cost of the final treatment, either due to energy requirements or consumables.

7. Known Aspects of the EC Process and Perspectives

The intense research work on the EC process has resulted in significant contributions
to the knowledge and understanding of this process. It has also highlighted its versatility
to treat almost any type of water and its efficiency in removing many pollutants. As a result
of decades of research, the works of various authors have been pooled and discussed in a
considerable amount of reviews [21,31–34,37,44,119–122], the last two years being those in
which more works of this type have been published [38,123–135].

In retrospect, the theoretical aspects of the process, the pollutants removed, the critical
operating parameters, the characterization of sludge, and the optimization by various
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techniques have been the objects of study most addressed. Recently, emphasis has been
placed on energy consumption and the viability of using renewable energies [21,33,119,129],
and the application of the process in the removal of organic and pharmaceutical pollu-
tants [38,134]. In addition, suggested as the next level of development and application
of this technology has been the evaluation in continuous flow reactors and treatment of
natural water instead of synthetic water, as well as the optimization of the process through
a suitable design of the reactor assisted by CFD [21,31,34,37,119,131]. The latest research
trends indicate that it is necessary to address the growth and structure of flocs as part
of the reactor design [132], and implement strategies to avoid passivation, and therefore
understand this phenomenon [127]. Hybrid and combined processes have a strong trend
in recent years [135]. As discussed above, combining the EC process with other technolo-
gies has proven to be feasible and efficient. However, there is still no escalation of these
processes [129]. On the other hand, it has also been recommended to carry out studies
on strategies to reduce the consumption of the electrodes [135] such as developing new
electrode designs [38,128] and explore the use of another type of electrode material that is
more ecological [129] such as Mg [133].

The EC process for the recovery of metals and elements of interest has recently been
studied. Zhang et al. [136] reported having recovered 95% of lithium ions from a synthetic
solution with the use of aluminum electrodes; the parameters evaluated were practically
the same that have been evaluated for the elimination of contaminants such as current
density, treatment time, initial pH and spacing between the electrodes. Despite obtaining
promising results in the recovery of lithium, it is not established how the separation
of the metal from the precipitates, identified as lithium aluminum chloride hydroxide
hydrate (LiCl·2Al(OH)3·xH2O) and crystal structures of LiCl·2Al(OH)3, could be carried
out. In addition, the authors make a comparison of the costs of the EC process versus
chemical precipitation with aluminate, the latter being higher in cost (0.108 USD/g Li)
versus 0.023 USD/g Li of the EC process. Other electrochemical technologies such as
electrodialysis, capacitive deionization, and electrochemically switchable ion exchange
have been used to recover lithium. However, most studies have been carried out only
at the laboratory level [137]. Due to the importance of this metal for its application in
batteries, the EC process can be outlined as a viable method for its recovery, especially if it
is possible to develop efficient systems in continuous flow. Another metal that has been
the subject of study for its recovery through the EC process is copper. In their recent study,
Mehdipoor and Moosavirad [138] obtained a copper recovery more significant than 90%, so
it is concluded that this process could be a viable option for use in mineral processing plants.
On the other hand, Li et al. [139] have evaluated the removal and recovery of uranium
from wastewater from the uranium extraction process in a mine using a chelation process
through chelating ligands and EC with iron and aluminum, and magnesium anodes. The
use of the iron anode showed the highest uranium removal capacity (99.16%). From the
sludge produced, the flocs were eluted, digested in acid, and later, the uranium amide
product was obtained by alkaline precipitation. The authors detail that they obtain a
uranium recovery of 89.71%, so they suggest that this technique can help to remove and
recycle uranium from this type of wastewater.

Figure 21 summarizes the objectives and aspects addressed so far and the most recent
research trends, according to what has been reviewed in the available literature. It is
essential to mention that new information appears periodically due to the interest in the
EC process. Therefore, it is necessary to update the reviews on the most critical topics.
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Figure 21. Targets, aspects addressed and recent trends of the EC process.

8. Conclusions

The EC process is a treatment technology that has proven to be very versatile since
it allows the removal of a wide variety of contaminants, including pharmaceuticals. The
studies carried out have made it possible to know that the removal mechanisms of these
compounds can be direct anodic degradation, charge neutralization, and adsorption in
coagulants. Furthermore, this process has been shown to contribute to efficiency when
coupling it with other treatment technologies. Nevertheless, it is necessary to consider the
cost-benefit of using hybrid technologies.

The need to give treatment and remove contaminants of different nature present in
the water makes it necessary for this process to be evaluated on a larger scale and in
continuous flow. Most of the continuous processes evaluated have been on a small scale.
However, they have made it possible to visualize that the factors that have the most effect
in a continuous process are the residence time and the flow pattern in the reactor, which is
strongly influenced by the shape and configuration of the electrodes. Due to this, a reactor
must be designed based on the analysis of these aspects. To achieve more efficient processes
in removal and energy consumption, computational modeling using CFD is a tool that
has proven to be very useful since efficiency is largely determined by hydrodynamics. For
more robust models that allow describing the complex phenomena in the process, it is
necessary to consider multiphase flows and the generation of species preferably.

Additionally, the water matrix in which the contaminants are contained is of great
importance and influences the performance of the process. For this reason, it is necessary
to obtain the operating parameters for each type of water to be treated in the process, even
when a systematic and established design for the EC reactor is achieved. In addition, it is
necessary to consider a complete treatment system with designs that include complimentary
equipment such as settlers and filtration methods for a continuous flow process to be viable
and applicable. Finally, the recovery of metals and elements of interest is more reason to
develop more efficient continuous flow systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9101831/s1. Table S1: Continuous flow electrocoagulation processes.
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121. Kabdaşlı, I.; Arslan-Alaton, I.; Ölmez-Hancı, T.; Tünay, O. Electrocoagulation applications for industrial wastewaters: A critical
review. Environ. Technol. Rev. 2012, 1, 2–45. [CrossRef]

122. An, C.; Huang, G.; Yao, Y.; Zhao, S. Emerging usage of electrocoagulation technology for oil removal from wastewater: A review.
Sci. Total Environ. 2017, 579, 537–556. [CrossRef] [PubMed]

123. Sandoval, M.A.; Fuentes, R.; Thiam, A.; Salazar, R. Arsenic and fluoride removal by electrocoagulation process: A general review.
Sci. Total Environ. 2021, 753, 142108. [CrossRef] [PubMed]

124. Rahman, N.A.; Jol, C.J.; Linus, A.A.; Ismail, V. Emerging Application of Electrocoagulation for Tropical Peat Water Treatment: A
Review. Chem. Eng. Process.-Process Intensif. 2021, 165, 108449. [CrossRef]

125. Lu, J.; Zhang, P.; Li, J. Electrocoagulation technology for water purification: An update review on reactor design and some newly
concerned pollutants removal. J. Environ. Manag. 2021, 296, 113259. [CrossRef]

126. Castañeda, L.F.; Rodríguez, J.F.; Nava, J.L. Electrocoagulation as an affordable technology for decontamination of drinking water
containing fluoride: A critical review. Chem. Eng. J. 2021, 413, 127529. [CrossRef]

127. Ingelsson, M.; Yasri, N.; Roberts, E.P.L. Electrode passivation, faradaic efficiency, and performance enhancement strategies in
electrocoagulation—A review. Water Res. 2020, 187, 116433. [CrossRef]

128. Shahedi, A.; Darban, A.K.; Taghipour, F.; Jamshidi-Zanjani, A. A review on industrial wastewater treatment via electrocoagulation
processes. Curr. Opin. Electrochem. 2020, 22, 154–169. [CrossRef]

129. Al-Qodah, Z.; Tawalbeh, M.; Al-Shannag, M.; Al-Anber, Z.; Bani-Melhem, K. Combined electrocoagulation processes as a novel
approach for enhanced pollutants removal: A state-of-the-art review. Sci. Total Environ. 2020, 744, 140806. [CrossRef] [PubMed]

130. Tahreen, A.; Jami, M.S.; Ali, F. Role of electrocoagulation in wastewater treatment: A developmental review. J. Water Process Eng.
2020, 37, 101440. [CrossRef]

131. Kobya, M.; Soltani, R.D.C.; Omwene, P.I.; Khataee, A. A review on decontamination of arsenic-contained water by electrocoag-
ulation: Reactor configurations and operating cost along with removal mechanisms. Environ. Technol. Innov. 2020, 17, 100519.
[CrossRef]

132. Liu, Y.; Zhang, X.; Jiang, W.M.; Wu, M.R.; Li, Z.H. Comprehensive review of floc growth and structure using electrocoagulation:
Characterization, measurement, and influencing factors. Chem. Eng. J. 2021, 417, 129310. [CrossRef]

133. Visigalli, S.; Barberis, M.G.; Turolla, A.; Canziani, R.; Berden Zrimec, M.; Reinhardt, R.; Ficara, E. Electrocoagulation–flotation
(ECF) for microalgae harvesting—A review. Sep. Purif. Technol. 2021, 271, 118684. [CrossRef]

134. Titchou, F.E.; Zazou, H.; Afanga, H.; El Gaayda, J.; Akbour, R.A.; Hamdani, M. Removal of Persistent Organic Pollutants (POPs)
from water and wastewater by adsorption and electrocoagulation process. Groundw. Sustain. Dev. 2021, 13, 134425. [CrossRef]

135. Almukdad, A.; Hafiz, M.A.; Yasir, A.T.; Alfahel, R.; Hawari, A.H. Unlocking the application potential of electrocoagulation
process through hybrid processes. J. Water Process Eng. 2021, 40, 101956. [CrossRef]

136. Zhang, Y.; Xu, R.; Sun, W.; Wang, L.; Tang, H. Li extraction from model brine via electrocoagulation: Processing, kinetics, and
mechanism. Sep. Purif. Technol. 2020, 250, 117234. [CrossRef]

137. Zavahir, S.; Elmakki, T.; Gulied, M.; Ahmad, Z.; Al-Sulaiti, L.; Shon, H.K.; Chen, Y.; Park, H.; Batchelor, B.; Han, D.S. A review on
lithium recovery using electrochemical capturing systems. Desalination 2021, 500, 114883. [CrossRef]

138. Mehdipoor, M.A.; Moosavirad, S.M. Effect of Holed Ferrum electrodes (HFE) on the efficiency of the electrocoagulation process
for copper recovery and optimization of parameters, using RSM. Hydrometallurgy 2020, 194, 105313. [CrossRef]

139. Li, P.; Chen, P.; Wang, G.; Wang, L.; Wang, X.; Li, Y.; Zhang, W.; Jiang, H.; Chen, H. Uranium elimination and recovery from
wastewater with ligand chelation-enhanced electrocoagulation. Chem. Eng. J. 2020, 393, 124819. [CrossRef]

http://doi.org/10.1080/21622515.2012.715390
http://doi.org/10.1016/j.scitotenv.2016.11.062
http://www.ncbi.nlm.nih.gov/pubmed/27865526
http://doi.org/10.1016/j.scitotenv.2020.142108
http://www.ncbi.nlm.nih.gov/pubmed/33207438
http://doi.org/10.1016/j.cep.2021.108449
http://doi.org/10.1016/j.jenvman.2021.113259
http://doi.org/10.1016/j.cej.2020.127529
http://doi.org/10.1016/j.watres.2020.116433
http://doi.org/10.1016/j.coelec.2020.05.009
http://doi.org/10.1016/j.scitotenv.2020.140806
http://www.ncbi.nlm.nih.gov/pubmed/32717462
http://doi.org/10.1016/j.jwpe.2020.101440
http://doi.org/10.1016/j.eti.2019.100519
http://doi.org/10.1016/j.cej.2021.129310
http://doi.org/10.1016/j.seppur.2021.118684
http://doi.org/10.1016/j.gsd.2021.100575
http://doi.org/10.1016/j.jwpe.2021.101956
http://doi.org/10.1016/j.seppur.2020.117234
http://doi.org/10.1016/j.desal.2020.114883
http://doi.org/10.1016/j.hydromet.2020.105313
http://doi.org/10.1016/j.cej.2020.124819

	Introduction 
	Theoretical Principles of the EC Process 
	Aspects to Be Considered in the Design of EC Reactors 
	Types of Continuous Flow EC Reactors 
	Filter Press Reactors 
	Rectangular Horizontal Flow Reactors 
	Vertical Flow Reactors 

	Application of the EC Process in the Removal of Pharmaceuticals 
	The EC Process Application in Hybrid Processes 
	Known Aspects of the EC Process and Perspectives 
	Conclusions 
	References

