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1 Introduction

Electrocoagulation (EC) is an electrochemical process that
has been widely applied to remove various pollutants such
as heavy metals, organic substances, bacteria and particu-
lates (Mollah et al., 2001; Garcia-Segura et al., 2017). EC
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H I G H L I G H T S

•EC modified with BPEs enhances pollutant
removal and reduce energy consumption.

• Increasing BPE number cannot increase floccu-
lants yield exponentially.

• Simulations help to predict the distribution of
electrochemical reactions on BPEs.
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G R A P H I C A B S T R A C T

A B S T R A C T

The design of electrodes is crucial to electrocoagulation process (EC), specifically, with respect to
pollutant removal and energy consumption. During EC, the mechanisms for interaction between
different electrode arrangement and electrode reactions remain unclear. This work presents an
integrated EC process based on horizontal bipolar electrodes (BPEs). In the electrochemical cell, the
graphite plates are used as driving cathode while either Fe or Al plates serves as driving anode and
BPEs. The BPEs are placed horizontally between the driving electrodes. For municipal wastewater
treatment, the pollutant removal efficiency and energy consumption in different configurations of two-
dimension electrocoagulation (2D-EC) system with horizontal BPEs were investigated. The removal
efficiency of turbidity, total phosphorus and total organic carbon increased significantly with the
number of BPEs. Noted that the energy consumption for TP removal decreased by 75.2% with Fe
driving anode and 81.5% with Al driving anode than those of 2D-EC, respectively. In addition, the
physical field simulation suggested the distributions of potential and current in electrolyte and that of
induced charge density on BPE surface. This work provides a visual theoretical guidance to predict the
distribution of reactions on BPEs for enhanced pollutant removal and energy saving based on
electrocoagulation process for municipal wastewater treatment.
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can be used for treating several types of wastewater,
ranging frommunicipal wastewater to highly contaminated
industrial wastewater (Moussa et al., 2017) by virtue of
simple equipment and easy automation. A typical EC
system is made up of two-dimensional (2D) electrodes
with one anode and one cathode in an electrolytic cell (Gao
et al., 2010; Moussa et al., 2017). Such configuration may
have several limitations like low space-time ratio, slow
mass transfer rate, and low current efficiency (Daneshvar et
al., 2004; Ghosh et al., 2008). This may hamper scale-up
engineered application of EC process for practical waste-
water treatment (Al-Shannag et al., 2013; Bani-Melhem
et al., 2017). Thus, it will be desirable to improve the
design of electrochemical cell and the adoption of
electrodes with larger surface area to optimize pollutant
removal and energy consumption (Mollah et al., 2004;
Sahu et al., 2014; Jiménez et al., 2016).
Currently, the most commonly adopted configuration of

electrodes for EC reactor can be divided into monopolar
and bipolar electrodes (BPEs) as illustrated in Fig. S1
(Kobya et al., 2007). The BPEs are driven by electric field
in solution, which allows to control the number of arbitrary
matrix electrodes simultaneously (Figs. S1(b) and S1(c)).
This will make it much easier to handle and maintain than
monopolar electrode (Fig. S1(a)) (Chow et al., 2009;
Zhang et al., 2016). The BPEs can be placed either
vertically (in a direction being perpendicular to electric
field) or horizontally (in a direction being parallel to
electric field) in the EC cell. However, most of studies only
adopted the vertically placed configuration while less
attention has been paid to the performance of horizontal
form BPEs arrangement (Jiang et al., 2002; Modirshahla
et al., 2008).
The physical field modeling is a helpful tool to provide

mechanistic insight into the reactor design for a wide range
of applications (Bhatti et al., 2009, 2011; Hakizimana
et al., 2017). Majority of prior works mainly focused on
statistical modeling, which aimed to improve removal of
various model pollutants through predicting and optimiz-
ing operational parameters (Chavalparit and Ongwandee,
2009; Olmez-Hanci et al., 2012). These models may face
challenge for the case of complicated interactions among
different variables such as electric potential, current
distribution and mass transfer (Hakizimana et al., 2017).
Effort has also been devoted to computational fluid
dynamics (CFD) modeling, which has proven to be a
useful tool to simulate and predict fluid flow and current
density (Martinez-Delgadillo et al., 2012; Vázquez et al.,
2012, 2014). Nevertheless, this method may not be suitable
for investigating electrochemical field involved in EC
process as the CFD modeling considers only electroche-
mical reactions as a whole (Hakizimana et al., 2017).
Hence, it will be highly desirable to develop a simulation
method that takes into account of electrochemical
processes involving charge transport, electrode/solution

interface reaction, potential and current (Hakizimana et al.,
2017).
The aim of this study was to investigate the influence of

horizontal BPEs on electrochemical performances for
treating municipal wastewater by employing different
combination of BPEs (Fe or Al). The yield of flocculant
ions, pollutants removal and energy consumption were
evaluated. We also performed visual simulation and
analyzed the distribution of potential and current in the
electrolyte and charge density on BPEs surface by using
COMSOL Multiphysics software.

2 Materials and methods

2.1 Reactor setup and operation procedures

For each cycle of electrocoagulation experiment, all the
electrodes were newly prepared and 1000 mL real
municipal wastewater was filled into the cell. The
municipal wastewater was collected from the inlet plant
of the Wenchang Municipal Wastewater Treatment (Har-
bin, China), the specifications of which were given in
supporting information. The municipal wastewater was
stored at 4°C prior to use. The conductivity of wastewater
was adjusted to 1.67 mS/cm by using sodium sulfate
(Na2SO4, Sinopharm, China) according to our previous
study (Qi et al., 2017). The driving electrodes were
operated at current of 0.50 A and reaction time of 10 min.
During the test, a large number of tiny bubbles were
produced on both driving electrodes and BPEs, which
played a role in stirring the solution. The voltage output
was recorded every two minutes and the samples were
taken at the 10th minute for analysis. The pH of wastewater
was adjusted to desired values by using 0.50 M sulfuric
acid (H2SO4, Bejing Shiji, China) or 0.50 M sodium
hydroxide (NaOH, Benchmark, China). The electrocoagu-
lation reactor was schematically illustrated in Fig. 1 and its
working mechanism was described in Supporting Informa-
tion.

2.2 Analytical methods

During the test, the wastewater was mixed evenly, and
then dissolved in 2 M perchloric acid (HClO4, Beijing
Shiji, China) for determination of total iron and total
aluminum. The concentration of Fe and Al, total organic
carbon (TOC), total phosphorus (TP), total nitrogen (TN),
turbidity, conductivity and pH of the wastewater samples
were analyzed according to the methods described in
Supporting Information. The current output was recorded
in the sixtieth second after the running of electrolysis. The
surface morphology of Fe and Al electrode, the character-
ization of precipitate were examined by using Scanning
Electron Microscope (SEM) equipped with energy
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dispersive X-ray spectrometer (EDS) (Sirion 200, FEI,
US). The electric energy consumption (EEC) of the
electrocoagulation treatment was calculated according to
Eq. (1) as

EEC
kWh

kg

� �
¼ 1000UIt

CV s
, (1)

where t is the electrolysis time (h), I the output current (A),
U the applied voltage (V), C the concentration of TOC, TP,
or TN removed (mg/L) and Vs the volume (L).

2.3 Simulations

The potential distribution, current flow, and induced
charges were simulated by using COMSOL Multiphysics
software package (COMSOL, Inc, Burlington, MA). The
EC model reactor (1:1) was built in the electrostatic
module of COMSOL. To visualize the electrostatic
equilibrium phenomenon, the potential at the BPEs was
fixed at 0 V (Pébère and Vivier, 2016) while the potential
of driving anode and driving cathode electrode was set at
+ 10 V and – 10 V vs SHE, respectively. Then, the
potential distribution, current flow, and electric charges
were computed numerically by finite element method via
the post-processing module of the COMSOL.

3 Results and discussion

3.1 Effect of BPE combination on EC performance

Figure 2 shows the electrochemical dissolution of Fe and
Al with different combination of sacrificial electrodes
during EC process. As shown in Fig. 2(a), Fe concentration
reached 150.3 mg/L with Fe as driving anode (Fe-EC) after

10 min operation. With one Fe- or Al-BPE added into Fe-
EC, Fe concentration increased by 29.4% or 18.9% than
Fe-EC. While with two Fe-BPEs (Fe-WEC-2Fe/BPE), Fe
concentration increased by 48.3% compared with Fe-EC,
but less than twice of that with one Fe-BPE in (Fe-WEC-
1Fe/BPE). With two Al-BPEs in Fe-EC (Fe-WEC-2Al/
BPE) system, Fe concentration decreased by 12.7%
compared with that of Fe-EC. Based on electric circuit
principles, one BPE (Fe or Al) could be equivalent to a
parallel branch in the Fe-EC circuit, which contributed to
the increase of current flow in solution and electrochemical
dissolution rate on Fe driving anode (Mavré et al., 2010).
However, increasing the number of BPE could also result
in a significant voltage drop on BPEs, and thus reduced
electrochemical dissolution rate on the Fe driving anode.
Notably, with one Fe BPE and one Al BPE in Fe-EC

system (Fe-WEC-1Fe/1Al/BPE) shown in Fig. 2(a), Fe
concentration increased by 20.6% over that of Fe-WEC-
1Fe/BPE while Al concentration decreased by 47.4%
than that of Fe-WEC-1Al/BPE. A similar trend was
also observed with Al driving electrode as illustrated in
Fig. 2(b). In such case, mutual interference might occur
among BPEs, which may be the most likely reason why the
electrochemical dissolution of sacrificial electrodes (Fe or
Al) was not increased proportionally with the increase in
the number of BPEs. This assumption will also be
demonstrated in Section 3.5.

3.2 Effect of BPE combination on pollutant removal

To investigate pollutant removal of each reactor with
different BPEs configuration, the turbidity, total organic
carbon (TOC), total phosphorus (TP), and total nitrogen
(TN) were examined during electrolysis. As shown in
Figs. 3(a)–3(d), for the reactor with BPEs, the removal

Fig. 1 Schematic illustration of (a) conventional two-dimension electrocoagulation and (b) the integration of electrocoagulation and
horizontally placed BPE.
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efficiencies of turbidity, TOC, and TP were significantly
higher than that of conventional EC (Figs. 3(a)–3(c)).
Notably, TP removal reached 96.4% and 92.8% in Fe-
WEC-2Al/BPE and Fe-WEC-2Fe/BPE respectively, the
values being approximately 50% higher than that in
conventional EC (Fig. 3(c)). A similar trend was also found
for the case of Al serving as driving electrode (Figs. 3(a)–
3(c)). This indicated that the addition of BPEs could
improve EC performance, and thus remarkably enhance

the removal of turbidity, TOC, and TP. The lowest final
values of turbidity, TOC and TP were 7.4 NTU, 10.9 mg/L
and 0.8 mg/L for Fe-WEC-2Al/BPE, Al-WEC-2Fe/BPE
and Al-WEC-2Fe/BPE, respectively, which could meet the
discharge standard of Class 1A, Class 1A and Class 1B,
according to Chinese discharge standard of pollutants for
municipal WWTPs (GB18918-2002) (Sun et al., 2016).
Noteworthy is that the increase of Fe and Al flocculated

ions into the solution had a negligible impact to TN

Fig. 2 Electrochemical dissolution of Al and Fe electrodes with different combination of sacrificial electrodes. (Control, 1Fe, 2Fe, 1Al,
2Al, 1Fe/1Al represent the operation systems of EC, WEC-1Fe/BPE, WEC-2Fe/BPE, WEC-1Al/BPE, WEC-2Al/BPE, WEC-1Fe/1Al/
BPE, respectively at the applied current of 0.5 A and reaction time of 10 min).

Fig. 3 Effect of integrations of EC and BPEs on the removal of (a) turbidity, (b) TOC, (c) TP and (d) TN of the municipal wastewater in
10 min.
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removal and the maximum removal efficiency of TN was
only 47.2% in Fe-WEC-1Fe/1Al/BPE (Fig. 3(d)). The
most likely reason for this may be that the nitrogen species
existing in different oxidation states (Reddy and Lin, 2000;
Peel et al., 2003) are highly stable, making it more difficult
be removed from wastewater. This indicated a limiting
capability of electrocoagulation process for removal of
nitrogen.

3.3 Voltage output with the addition of BPEs

Figure 4 shows the voltage output (Voutput) of the cell
during the electrocoagulation process with different
configuration of BPEs. One can see that the voltage output
did not change greatly with and without BPEs addition.
The electrolytic cell with the same number of BPEs
showed almost the same decrease in Voutput compared with
BPEs-free EC, which was independent on BPE material
(Fig. 4). For example, for Fe serving as driving anode
(Fig. 4(a)), the Voutput was 16.4 V for EC, while the Voutput

value of 8.8 V was attained for Fe-WEC-2Al/BPE (i.e.
46.4% decrease). Likewise, for Al driving anode, 47.8%
decline of Voutput was obtained with the addition of two Fe-
or Al- BPEs (Fig. 4(b)). This should be attributed to the
changes of electric field and current flow in solution
induced by the addition of BPEs as discussed below.

3.4 Energy consumption with the addition of BPEs

During removal of TOC and TP in electrocoagulation
process (Fig. 3), the specific electric energy consumption
(EEC) was investigated. As shown in Fig. 5, for either Fe
or Al driving anode, the EEC value for TOC removal was
approximately 5.8 � 10–3 kWh/(kgTOC), a value that
accounted for 53.9% decrease compared with conventional
EC (Fig. 5(a)). The EEC for TP removal in EC was 2.3 �

10–3 kWh/(kgTP) (Fig. 5(b)), the value being significantly
lower than that for TOC (12.7 � 10–3 kWh/(kgTOC)) (Fig.
5(a)). The phosphorus ions were more soluble, and more
easily to react with metal ions (Fe3+ and Al3+) to form
insoluble precipitates (FePO4 or AlPO4) (Eq. (2) and (3))
(Mahvi et al., 2011).

Al3þ þ PO3 –
4 ↕ ↓AlPO4 # (2)

Fe3þ þ PO3 –
4 ↕ ↓FePO4 # (3)

Moreover, for two Fe-BPEs, the EEC for TP removal
was decreased by 75.3% in Fe-WEC-2Fe/BPE and 81.5%
in Al-WEC-2Fe/BPE than that in EC (Fig. 5(b)). This is
most likely due to the addition of BPEs driven by electric
field to release Fe or Al ions into solution and form more
flocs with negligible pH change of solution (Fig. S2),
which may have a contribution to improved TOC/TP
removal and declined EEC. Besides, the EDS spectra of
precipitates produced in Fe-WEC-2Fe and Fe-WEC-2Al
illustrate the main composition of Fe and Al involved in
the precipitates (Fig. S3), suggesting the possibility to
recycle metals (Fe and Al) from precipitates to prevent
secondary pollution. Therefore, EC integrated with BPEs
may be used as a potential choice to achieve enhanced
wastewater treatment and at the same time lower energy
consumption without additional wire connection and
complicated modification.

3.5 Simulation of electric field

To better understand the distribution of potential and
current density on BPEs in accordance with the results
shown in Fig. 2 and Fig. 3, we performed the numerical
simulations using COMSOL software based on finite
element method. The driving voltage of 20 V was

Fig. 4 Cell voltage during the electrocoagulation for (a) Fe driving anode and (b) Al driving anode with different BPEs combinations
under constant current of 0.5 A.
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employed to mitigate the impact of insufficient voltage to
simulation results (Pébère and Vivier, 2016). In the
presence of an electric field, the electrostatic balance of a
conductor is independent on the material (Li et al., 2018),
and hence the driving electrodes and BPEs were all set
with iron conductor. The simulation was carried out based

on the assumption that the redox reactions on the surface of
electrodes had negligible impact to initial excited state.
Figure 6 shows the simulation results based on zero, one,

two, and three BPEs in the x – z plane. In the absence of
BPEs, the simulated current flow (black lines) was seen
even and parallel (Fig. 6(a)), indicating a constant current

Fig. 5 Electric energy consumption for removal of (a) TOC and (b) TP with different configuration of BPEs.

Fig. 6 Simulation of distribution of potential and current flow in the solution of EC system integrated with (a) zero, (b) one, (c) two and
(d) three BPEs in the x‒z plane.
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density and electric field in the solution of EC system.
According to Ohm’s law, the actual distribution of current
can be estimated from the potential gradient being
perpendicular to the driving electrodes (Ryder, 1953).
However, the center of symmetry locates on zero potential
surface of the BPE (x = 0, Figs. 6(b)–6(d)). The current
flow in solution became uneven and some flowed directly
through BPE, indicating that the redox reactions were
taking place on the surface of BPE in this region. In such
case, higher electric currents produced on two BPEs driven
by electric field were equivalent to that caused by an
additional ionic current in the solution, which lowered
ohmic resistance and charge transfer resistance in the
solution. Thus, the decrease in voltage output and energy
consumption was in line with the results shown in Fig. 4
and Fig. 5.
In Fig. 6(c), two BPEs led to partial changes of the

potential and current distribution in solution and the same
current flowing through them. Notably, three BPEs not
only caused the changes of potential and current distribu-
tion in solution, but also induced significantly mutual
effect between BPEs (Fig. 6(d)). An uneven distribution of
current flow was induced on three BPEs, and the current
flowing through the middle BPE was less than that of the
other two ones (Fig. 6(d)).

As shown in Fig. 7, the red arrows indicated the induced
charges whose length and density depended on the charge
intensity induced on BPE surface, and the direction was as
same as the electric field of the solution. As shown in
Fig. 7(b), at the positon of x = 0, the potential was zero,
indicating no induced charge. The profile of x = 0 divided
the BPE to two poles, i.e. the anodic pole (x< 0) and
cathodic pole (x>0). The maximum length and density of
charges were located at two edges of each BPE, which
descended linearly toward the middle of BPE (x = 0).
According to Faraday’s Law (Barker and Walsh, 1991;
Walsh, 1991),

m ¼ qM
nF

, (4)

where qM is the charge passed the circuit, n the number of
charge involved in electrochemical reaction, F the Fara-
day’s constant (96485 C/mol), and m the amount of
material reacted. Thus, the corresponding distribution of
redox reaction rates on BPE surface could be expressed by
Eq. (4). The maximum of redox reaction rate was found at
both ends of each BPE, which decreased gradually toward
the middle position of BPE (x = 0). In addition, the
evolution of corrosion morphology along the length of one
BPE confirmed the occurrence of redox reaction (Fig. 8).

Fig. 7 Simulation of distribution of charges on the surface of (a) zero, (b) one, (c) two and (d) three BPEs in the x‒z plane.
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As shown in Figs. 6(b) – 6(d), the density of the charges
induced on two or three BPEs was obviously lower than
that on single BPE. This was because of the correlation
between the charge transfer rate on electrode/solution
interface and redox rate (Jüttner et al., 2000; Mansouri et
al., 2011; Cho et al., 2014). This might provide the most
probable explanation to the fact that increasing the number
of BPEs increased the reaction rate to a certain extent but
could not multiply that of one BPE as reported in our
previous studies (Qi et al., 2017, 2018).
The simulation result of charge distribution on three

BPEs presents an overview of the dual impact of two BPEs
on the middle one (Fig. 7(d)). The one in the middle of the
three BPEs was shown to be strongly affected by addition
of other two BPEs, indicated by visible inductive charges
at its edges. As a result, the redox reaction rate on the
middle BPE became much lower than that of the other two
BPEs. Based on the electrostatic theory, the interaction
between BPEs should result from the electrostatic field on
surface of BPEs, which was responsible for the decreased
redox reaction rate on each BPE with increasing the
number of BPEs. To further verify this anticipation, the
theoretical simulation of surface charge distribution was
studied in the x – y plane.
As shown in Fig. 9(a), in electrostatic equilibrium state,

the induced charge on BPE surface was perpendicular to
the surface, and the positive charge was concentrated in the
anodic pole while the negative charge in cathodic pole. In
electrostatic balance state, the BPEs were equipotential
bodies with equipotential surface (Keddam et al., 2009).
Thus, there was no charge accumulated inside the BPE
conductor, and the induced charge remained on BPE
surface being perpendicular to the direction of the external
field intensity (Fig. 9(a)).
According to Gauss theorem, the surface electric field

intensity was proportional to the surface charge density as
(Bonnor, 1953; Szabó et al., 2006):

E ¼ �

ε0
, (5)

where ε0 is the electrolyte constant of a vacuum, the
surface density of charge at a point in the conductor
surface, and E the electric field intensity at specific point.
As shown in Eq. (5), the induced electric field intensity on
BPE surface decreased from the two ends of BPE (x =
�25) to the geometrical center (x = 0), which affected both
the external electric field near its surface and the induced
electric field on the adjacent BPEs (Fig. 9(a)). As
illustrated in Fig. 9(b), the electric field force drives the
charges to directionally induce redox reactions via
consuming electric field energy and generating an extra
current (ibpe) on the BPE surface (Marcus, 1956; Chang et
al., 2012). Therefore, combining BPE with EC may offer
an alternative way to enhance electrochemical dissolution
rate for producing more flocculation ions and lowering
electric energy input during municipal wastewater treat-
ment. Since redox reaction rate strongly depends on
distribution of induced charges on BPE surface during EC
process, simulation methodology may also be a useful tool
for optimizing reactor design, predicting EC performance
and improving energy efficiency.

4 Conclusions

In this study, an EC system was augmented with BPEs to
enhance pollutant removal and reduce energy consumption
for real municipal wastewater treatment. Based on above
results, main conclusions can be drawn as follows.
1) In EC with two Al-BPEs, the removal efficiency

Fig. 8 SEM images of corrosion morphology along the length of horizontal Fe/BPE at location of (a1) 0 mm, (b1) 10 mm, (c1) 40 mm
and (d1) 50 mm; along the length of horizontal Al/BPE at the location of (a2) 0 mm, (b2) 10 mm, (c2) 40 mm and (d2) 50 mm distanced
from the anodic end. (Fe-WEC-1Fe/1Al/BPE system, reaction time of 10 min).
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increased by 60.4% and 17.1% for turbidity and TOC,
respectively, compared with BPE-free EC. Moreover, the
removal efficiency of TP could reach 96.4%, a value 50%
higher than that obtained with conventional EC in 10-min
operations.
2) With two BPEs (especially two Fe-BPEs) in EC, the

energy consumption for TP removal decreased by 75.2%
with Fe driving anode and 81.5% with Al driving anode
than BPE-free EC.
3) The yield of flocculation ions significantly increased

with increased number of BPEs, but not proportionally due
to the mutual interaction between BPEs.
4) The simulation results provided a visual illustration of

the distribution of potential and current in solution, the
induced charges on BPEs surface and the mutual effect
among BPEs.
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