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Abstract
In this paper, the removal of total organic carbon (TOC) from a primary treated municipal wastewater using a new electrode
configuration in electrocoagulation was evaluated. The used electrode configuration induces a dielectrophoretic (DEP) force by
using an asymmetrical aluminum electrode with an alternating current power supply. The impact of applied current, electrolysis
time, and interelectrode distance on the removal efficiency of TOC were evaluated. The experimental results showed that the
maximum removal efficiency of TOC was obtained at 30 min electrolysis time, 600 mA applied current, and 0.5 cm interelec-
trode distance. Under these operating conditions, the TOC removal was 87.7% compared to 80.5% using symmetrical aluminum
electrodes with no DEP effect. The energy consumption at the selected operating conditions was 3.92 kWh/m3. The experimental
results were comparable with the simulation results done by COMSOL Multiphysics software.

Keywords Electrocoagulation . Dielectrophoresis . Primary treated wastewater . Electrode configuration . Total organic carbon
(TOC)

Introduction

Electrocoagulation is being used to treat wastewaters generated
from different industries such as heavy oil refinery, textile in-
dustry, dairy industry, and distillery (Krishna et al. 2010;
Kushwaha et al. 2010; Mallesh 2018; Wei et al. 2010; Zodi
et al. 2010). The main reason for its wide range of application
is its easy operation, low investment and maintenance cost, low
sludge volume, and low space requirements (Mallesh 2018).
The high zeta potential of suspended particles in wastewaters
prevents the agglomeration of these particles (López-
Maldonado et al. 2014). Adding coagulants to the wastewater
reduces the zeta potential of such particles allowing van der
Waals force to become the more dominant force which pro-
motes agglomeration of particles and allows formation of flocs,

hence removal by gravity settling (Duan and Gregory 2003). In
electrocoagulation (EC), coagulants are produced from a sacri-
ficial anode made from iron or aluminum (Zhao et al. 2014).
When electricity is passed, Fe2+ or Al3+ is produced from the
anode and these ions produce metal hydroxides in wastewater,
which act as coagulants (Xu and Zhu 2004).

Several studies have been investigated the efficiency of
electrocoagulation in treating various wastewater types at differ-
ent operating conditions. Aoudj et al. (2010) targeted the treat-
ment of textile industrial wastewater by EC with a DC power
system using two aluminum symmetrical plates. Applying a cur-
rent density of 1.875 mA/cm2, 98% of dye was removed after
60 min of electrolysis time (Aoudj et al. 2010). Bener et al.
(2019) used EC for the treatment of real textile water with a
DC power supply system using four aluminum and iron sheets.
Applying a current density of 25 mA/cm2, 42.5, 18.6, 83.5, 64.7,
and 90.3–94.9% of TOC, COD, turbidity, TSS, and color remov-
al efficiencies were obtained (Bener et al. 2019). Kobya and
Demirbas (2015) used EC for the treatment of canmanufacturing
wastewater using four aluminum sheets in a monopolar parallel
mode. Applying a current density of 2 mA/cm2, removal effi-
ciencies of 99.41, 99.38, 99.8, 72, and 37% of Al, Zr, phosphate,
COD, and TOC were achieved after 40 min of electrolysis time
(Kobya and Demirbas 2015). Saleem et al. (2011) studied the
treatment of municipal wastewater by EC with a DC
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power system using symmetrical sheets. Applying a current den-
sity of 24.7 mA/cm2, 77.2% of COD was removed after 30 min
of electrolysis time (Saleem et al. 2011). Kamaraj et al. (2013)
investigated the impacts of an alternating and direct current on
the effectiveness of EC to treat copper from wastewater using
two magnesium symmetrical sheets. Applying a current density
of 0.025 A/dm2, 97.8%, and 97.2% of copper was removed
using alternating current and direct current, respectively
(Kamaraj et al. 2013). All previous studies used symmetrical
electrodes in electrocoagulation process. According to the find-
ings from our previous studies, the use of asymmetrical elec-
trodes in electrocoagulation can improve the removal of pollut-
ants from wastewater and can reduce the corrosion of electrodes.
Alkhatib et al. (2020) evaluated the use of two asymmetrical
cylindrical aluminum electrodes in electrocoagulation for the re-
moval of total phosphorus (TP) and chemical oxygen demand
(COD) from treated municipal wastewater (Alkhatib et al. 2020).
The removal of TP and COD increased by 24% and 18%,

respectively, using the asymmetrical electrodes compared to the
conventional EC process. In addition, the electrode corro-
sion was reduced by 87% when using the asymmetrical
electrodes in the EC process. In addition, Hawari et al.
(2020) investigated the impact of using the asymmetri-
cal cylindrical aluminum electrodes in an EC process
for the harvesting of marine microalgae (Hawari et al.
2020). It was found that the new electrodes configura-
tion reduced the amount of aluminum content in the
harvested biomass by 52% compared to the convention-
al EC electrodes.

In this study, a new flat sheet asymmetrical aluminum elec-
trodes configuration is proposed for the removal of total or-
ganic carbon (TOC) from primary treated municipal wastewa-
ter. The performance of symmetrical and asymmetrical elec-
trodes configurations with alternating current power supply
was evaluated. In addition, the new electrodes configuration
was simulated using COMSOL software.

Table 1 Characteristics of
wastewater samples collected
after primary settling and the
standard measurement method

Parameters Initial value Standard measurement method

Conductivity (mS/cm) 2.29±0.01 APHA 2510 B. conductivity

Temperature (°C) 22.2±0.1 APHA 2550 temperature

pH 7.03±0.01 APHA 4500-H+ B. electrometric method

TOC (mg/L) 121.9±0.06 APHA 5310 total organic carbon

TSS (mg/L) 80±20 APHA 2540 D. total suspended solids dried at 103–105 °C

Turbidity (NTU) 158±25 APHA 2130 B. nephelometric method

Fig. 1 Experimental setup of the
electrocoagulation reactor
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Materials and methods

Wastewater characterization

The wastewater used in this study was collected from a mu-
nicipal wastewater treatment plant in Doha. The wastewater
samples were collected after the primary settling tanks. The
characteristics of the collected wastewater samples along with
the standard measuring methods are summarized in Table 1.

Experimental setup

Figure 1 shows the used electrocoagulation reactor with a
working volume of 800 mL. The solution was mixed by a
magnetic stirrer at a speed of 100 rpm. Two different electrode
configurations were tested. Module 1 used symmetrical elec-
trodes with an alternating current power system. Module 2
used unsymmetrical electrodes with an alternating current
power system. Module 1 will be referred to as AC. Module

Fig. 3 Illustration of the
simulated setup with geometrical
parameters

Fig 2 The used electrodes: a
DEP-inducing electrode, b nor-
mal electrode
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2 will be referred to as AC-DEP. In the AC module, the setup
consists of two aluminum symmetrical sheets with dimensions
of 7 cm × 5 cm. In the AC-DEP module, one of the electrodes
had parallel rods along the width of the electrode with a diam-
eter of 2 mm (Fig. 2a), the other electrode consisted of a flat
aluminum sheet (Fig. 2b). In the AC-DEP module, the
dimensions of both electrodes were kept the same as the
AC module. Both the AC and AC-DEP modules were
connected to a VARIAC transformer providing a voltage
within 0 to 250 V at a constant frequency of 50 Hz. A
TEKTRONIX mixed domain oscilloscope was used to
measure the voltage and current. The AC system was
set to generate a sine wave.

The energy consumption in kWh/m3 was calculated using
the following equation:

Energy consumption ¼ Voltage Vð Þ � current ampð Þ � time hð Þ
volume m3ð Þ

ð1Þ

Numerical methods

Dielectrophoretic (DEP) force is defined as the movement of
free particles by dielectric polarization in an inhomogeneous
electric field (Hawari et al. 2015). For a spherical particle, the
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Fig. 4 The distribution of the DEP force field defined as (∇|E|2) for the four different applied current of a 200 mA, b 400 mA, c 600 mA, and 800 mA;
interelectrode distance: 1 cm
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applied dielectrophoretic force can be calculated as (Du et al.
2018; Hawari et al. 2015):

FDEP ¼ 4πa3ε0εMre eKh i
E∙∇ð ÞE ð2Þ

where, a is the particle radius, ε0 is the permittivity of free

space (8:854� 10−12 F
m ), εMis the absolute permittivity of the

medium, re eKh i
is the Clausius-Mossotti (CM) factor, and E is

the field intensity (VmÞ, where re eKh i
can be calculated by

(Hawari et al. 2015):

eK ¼ eεp−fεM
eεp þ 2fεM ð3Þ

eε ¼ ε−
jσ
ω

ð4Þ

where, eεp is the complex permittivity of the particle, fεM is the
complex permittivity of the medium, eε is the complex permit-
tivity, σ is the conductivity (SmÞ, ω is the angular frequency
(rads Þ, j is the geometric gradient of the square of electric field
(E), which can be calculated by (Hawari et al. 2015):

j ¼
ffiffiffiffiffiffi
−1

p
� E∙∇ð ÞE ¼ 1

2
∇ Ej j2 ð5Þ

Negative DEP is expected in this study as the permittivities
of the particles are higher than the permittivity of the sur-
rounding medium (primary treated effluent) (Hawari et al.
2015).

Two unsymmetrical aluminum electrodes were used in or-
der to induce DEP force in the electrocoagulation process. The
dimensions of the DEP-inducing aluminum electrode that has
been used in the simulation are shown in Fig. 3. As shown in
Equation (2), the square electric field is directly related with
the DEP force. Therefore, the square electric field between the
two electrodes surfaces was simulated using the COMSOL

Multiphysics software as an indicator of the DEP force. The
simulation was performed in two dimensions, assuming the
width of the electrodes is going to infinity. In order to calculate
the electric field exerted on the particles, the electric potential
was solved at a set of boundary conditions. The medium was
assumed to be the used wastewater. In order to be able to solve
this problem for the applied currents, the quasi-electrostatic
form was used. The root mean square (rms) of the electric
field is given by the following:

E ¼ −∇φ ð6Þ
where φ is the root mean square (rms) of the electrostatic
potential which can be given by Laplace’s equation (assuming
that the medium is liquid only with the absence of the particles
and it is homogeneous):

∇2φ ¼ 0 ð7Þ

Fixed boundary conditions were applied on the surface of
the electrodes:

φ1 ¼ Uo ð8Þ
φ2 ¼ 0 ð9Þ
whereU0is the rms of the oscillating potential drop. In order to
ensure mesh-independent results, adaptive mesh refinement
has been applied.

Simulation results

Impact of current on the distribution of the DEP force
field

Figure 4 shows the impact of current on the distribution of the
DEP force field. It can be noticed from Fig. 4 that the DEP
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Fig. 5 Electric field squared
distribution between the two
electrodes for different applied
current; interelectrode distance:
1 cm
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force is being generated from the rods attached to the elec-
trode. The DEP force induced by applying a current of
200 and 400 mA was not very significant with an in-
terelectrode distance of 1.0 cm (Fig. 4a and b). At
higher applied current of 600 and 800 mA, the induced
DEP force was more significant as can be seen in
Fig. 4c and d. Figure 5 shows the electric field squared
distribution between the electrodes at different applied
current. As can be noticed from Fig. 5 that increasing
the current will cause the generated DEP force to
increase(Hawari et al. 2015; Larbi et al. 2018). In addi-
tion, it can be noticed that the DEP force was almost
zero at a distance of 5 mm away from the DEP induc-
ing electrode at all applied currents.

Impact of interelectrode distance on the distribution
of the DEP force field

Figure 6 shows the impact of interelectrode distance on the
distribution of the DEP force field. It can be noticed from
Fig. 6 that the DEP force induced by a 0.5-cm interelectrode
distance was the highest. The strength of electric field squared
distribution followed a descending order of 0.5 cm, 1 cm,
1.5 cm, and 2 cm interelectrode distance as can be seen in
Fig. 7. Therefore, as the distance between the two unsymmet-
rical electrodes increases, the generated DEP force decreases.
It can be also seen from Fig. 6 that for a 1-cm, 1.5-cm, and 2-
cm interelectrode distance, almost 4 mm away from the DEP-
inducing electrode, the impact of the generated DEP force was
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Fig. 6 The distribution of the DEP force field defined as (∇|E|2) for four different interelectrode distance of a 0.5 cm,(b 1 cm, c 1.5 cm, and 2 cm; current:
600 mA
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minimal. However, in the 0.5-cm interelectrode distance, the
impact of the DEP force extends to a 5-mm distance away
from the electrode. Thus, the simulation results show that
the electrode configuration with a 0.5-cm interelectrode dis-
tance is expected to have the highest DEP effect.

Experimental results and discussion

Impact of electrolysis time on TOC removal efficiency

Figure 8 shows the impact of electrolysis time on TOC remov-
al efficiency for the AC and the AC-DEP modules at a 400-
mA applied current and a 1-cm interelectrode distance. At a 5-
min electrolysis time, TOC removal efficiency for the AC and
the AC-DEP modules were low at 23.0% and 19.6%,

respectively. The removal efficiency of TOC increased as
the electrolysis times increased. It can be seen that at an elec-
trolysis time of 60 min, the TOC removal efficiency increased
to 83.3% and 67.7% for the AC and the AC-DEP modules,
respectively. The TOC removal efficiency depends directly on
the amount of the metal hydroxides formed from the dissolu-
tion of electrodes. As the electrolysis time increases, the for-
mation of metal hydroxides increases leading to the increase
in the TOC removal efficiency (Kobya and Delipinar 2008). It
could be also seen from Fig. 8 that the ACmodule gave higher
TOC removal efficiency than the AC-DEP module at all stud-
ied electrolysis times. This could be due to the fact that the
DEP force was minimal and had no impact on the TOC re-
moval efficiency. As shown from the simulation results, at an
applied current of 400 mA and at an interelectrode distance of
1.0 cm, the DEP force was minimal. It can be also seen from
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Fig. 8 that TOC removal efficiency reached equilibrium al-
most after 30 min electrolysis time. Thus, 30 min electrolysis
timewas chosen as an optimum electrolysis time in the present
study.

Impact of applied current on TOC removal efficiency

Figure 9 shows the impact of applied current on TOC removal
efficiency at a 30-min electrolysis time and a 1-cm interelec-
trode distance. Generally, for both AC and AC-DEP modules
as the applied current increases, the TOC removal efficiency
increases. Increasing the applied current increases, the produc-
tion of metal ions which generate amorphous flocs (Al(OH)3).
This enhances the agglomeration of organic and inorganic
matters, which leads to the increase in TOC removal efficien-
cy (Bener et al. 2019; Kobya and Delipinar 2008). It can be
also noticed from Fig. 9 that at low current of 200 and
400 mA, the AC module gave a slightly higher TOC removal
efficiency than the AC-DEP module. The removal efficiency
of TOC using the AC-DEP module depends on two main
factors: the production of aluminum ions and the magnitude
of the DEP force. When the current was below 600 mA, the
production of aluminum ions and DEP force were low; there-
fore, the removal efficiency of TOC using the AC-DEP mod-
ule was lower than the AC module. In the AC module, the
removal efficiency of TOC depends only on the production of
aluminum ions as no DEP force will be exerted. As shown
from the simulation results, at low applied current, the gener-
ated DEP force was low (Fig. 4a and b). However, at higher
currents of 600 and 800 mA, TOC removal efficiency obtain-
ed by the AC-DEP module was higher than that for the AC
module. Where at an applied current of 600 mA, the TOC
removal efficiency was 85.7% and 76.2 for the AC-DEPmod-
ule and the AC module, respectively. At an applied current of
800 mA, the TOC removal efficiency was 89.9% and 81.8%
for the AC-DEP module and the AC module, respectively.
This could be due to the fact that at higher applied current,

the DEP force was large enough to repel the contaminants
away from the electrode surface, preventing electrode passiv-
ation and enhancing the formation of agglomerates that can be
removed by gravity settling. Figure 10 illustrates the impact of

Fig. 10 Schematic description of the enhancement of the formation of
flocs using the DEP force
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DEP on particles agglomeration and settling. Since beyond
the 600 mA applied current, there was no significant enhance-
ment in the TOC removal efficiency for both modules. The
600mA applied current was considered in studying the impact
of the interelectrode distance on TOC removal efficiency.

Impact of interelectrode distance on TOC removal
efficiency

Figure 11 shows the impact of interelectrode distance on the
TOC removal efficiency for four different interelectrode dis-
tances: 0.5, 1, 1.5, and 2 cm at a 30-min electrolysis time and
a 600-mA applied current. It can be seen from Fig. 11 that the
AC-DEP module gave higher TOC removal efficiencies when
compared to the AC module at all studied interelectrode dis-
tances. It was also found that as the interelectrode distance
increased, the TOC removal efficiency decreased. A maximum
TOC removal efficiency of 80.5% and 87.7%was achieved at a
0.5-cm interelectrode distance for the AC module and the AC-
DEPmodule, respectively. Further increase of the interelectrode
distance lowers the TOC removal efficiency. At the maximum
studied interelectrode distance of 2 cm, the TOC removal effi-
ciency decreased to 48.9% and 53.2% for the AC module and
the AC-DEPmodule, respectively. This result is consistent with
the simulation results shown in Fig. 7. Where the highest DEP
effect was found to be at an interelectrode distance of 0.5 cm.
As the interelectrode distance increases, the effect of the DEP
force decreases; and hence the removal efficiency of TOC de-
creases. In addition, as the interelectrode distance increases, the
resistance in the solution between the electrodes increases
which would also reduce the amount of dissociated aluminum
ions. Thus, the removal efficiency decreases with increasing the
interelectrode distance (Anand et al. 2014). The TOC removal
efficiency of 87.7% obtained at the selected running conditions
by the AC-DEP module is one of the highest TOC removal
efficiencies when compared to previous studies that targeted

the removal of TOC using electrocoagulation (Bektaş et al.
2004; Bener et al. 2019; Kobya and Delipinar 2008; Kobya
and Demirbas 2015; Kobya et al. 2014).

Table 2 summarizes the quality of the wastewater using the
most suitable running conditions. The most suitable running
conditions are a AC-DEP module, a 1-cm interelectrode dis-
tance, and a 30-min electrolysis time.

Energy consumption

The energy consumption for the AC module and the AC-DEP
module was calculated using Equation 5. Figure 12 illustrates
the energy consumption using the two different electrode
modules for the four applied currents 200, 400, 600, and
800 mA at a 30-min electrolysis time and a 0.5-cm interelec-
trode distance. It can be seen from Fig. 12 that as the applied
current increased, the energy consumption increased for the
AC and the AC-DEPmodules. It can be also seen from Fig. 12
that at low currents of 200 and 400 mA, the AC module
consumed same amount of energy as the AC-DEP module
as there was minimal impact of dielectrophoresis at these
low applied currents as shown from the simulation results in
Figs. 4a and b. At higher applied currents of 600 and 800 mA,
the ACmodule gave higher energy consumption than the AC-
DEP module. The energy consumption at an applied current
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Fig. 11 Impact of interelectrode
distance on TOC removal
efficiency for both symmetrical
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configurations; electrolysis time:
30 min; current: 600 mA

Table 2 Characteristics
of the wastewater
samples before and after
treatment using AC-DEP
module at 600 mA ap-
plied current with an in-
ter electrode distance of
1-cm and for 30-min
electrolysis time

Parameters After treatment

Conductivity (mS/cm) 2.23 ± 0.01

Temperature (°C) 22.5 ± 0.1

pH 7.38 ± 0.01

TOC (mg/L) 17.4 ± 0.06

TSS (mg/L) 20 ± 20

Turbidity (NTU) 14 ± 25
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of 600 mAwas 14% lower using the AC-DEP module com-
pared to the AC module. The energy consumption at an ap-
plied current of 800 mA was 6% lower using the AC-DEP
module compared to the AC module. The higher energy con-
sumption obtained by the AC module at high applied currents
of 600 and 800 mA could be due to the higher resistance in the
system. It was found that the resistance in the AC system was
0.01685 Ω while in the AC-DEP system the resistance was
0.01592 Ω. The higher resistance could have caused less dis-
sociation of metal ions and metal hydroxides into the reactor.
Table 3 shows the difference in electrodes consumption be-
tween the AC-DEP module and the AC module at different
applied currents. It can be seen from Table 3 that the consump-
tion of electrodes in the AC-DEP module was always lower
than the AC module. As the applied current increases, the
difference in electrodes consumption between the AC-DEP
module and the ACmodule also increases where at an applied
current of 200 mA the electrode consumption in the AC-DEP
module was 4.2% less than the AC module and at an applied
current of 800 mA the difference increased to 27.3%.

Conclusion

In this paper, a dielectrophoretic (DEP) force inducing electrode
configuration was proposed for the removal of total organic car-
bon (TOC) from primary treated municipal wastewater. The ex-
perimental results show that the effect of the generated DEP

force at low currents of 200 mA and 400 mAwas not sufficient
to improve the TOC removal efficiency, while at higher applied
currents of 600 mA and 800 mA the TOC removal efficiency
was enhanced when compared to the symmetrical electrodes
module (i.e., none DEP induced module). Moreover, a maxi-
mum TOC removal efficiency of 87.7% was achieved using
the AC-DEP module at an applied current of 600 mA and an
interelectrode distance of 0.5 cmwith a 30-min electrolysis time.
The energy consumption in the system was found to be
3.92 kWh/m3. Thus, the proposed new electrode configuration
showed the ability of enhancing the electrocoagulation process
compared to the conventional symmetrical electrodes configura-
tion. In addition, it was found that consumption of electrodes in
the AC-DEPmodule was always lower than the ACmodule. As
the applied current increases, the difference in electrodes con-
sumption between theAC-DEPmodule and theACmodule also
increases where at an applied current of 800 mA the electrode
consumption in the AC-DEP module was 27.3% less than the
AC module. DEP force inducing electrode configuration was
found to economical due to lower energy consumption.
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Table 3 The difference in electrodes consumption between the AC-
DEP module and the AC module at different applied currents

Applied current (mA) 200 400 600 800

Reduction in
electrode consumption using
the AC-DEP module
compared to the Ac module

4.2% 9.7% 17.9% 27.3%
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