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a b s t r a c t
The continuous electrocoagulation (EC) with bipolar electrode was modeled and simulated. The 
generation and mass transfer of coagulants and hydroxide flocs were simulated. The electrocoagulation 
with bipolar electrode (B-EC) was compared with the electrocoagulation with monopolar electrode 
(M-EC). During B-EC, the flocs are uniformly generated and distributed in the channel. During M-EC, 
the flocs are generated in the extremely narrow area, which is located in the middle of EC channel. This 
concentration distribution is suitable for the formation of hydroxide flocs. Also another advantage 
should be mentioned is that the concentration of produced H+ and OH– is much lower in B-EC. The 
lower concentration of H+ and OH– is suitable for the formation of Al hydrate flocs. Thus, the bipo-
lar electrode structure improves the mass transfer of generated coagulants, when compared with the 
monopolar electrode. Under the same total current, the B-EC has much higher flocs production than 
that of M-EC. The edge effects of bipolar electrode in B-EC were modeled and studied. The edge effects 
were discussed with the consideration of mass transfer. In the edge areas, the concentration of cation 
and anion hydroxide species is not negligible. The electro-migration in the direction perpendicular to 
the streamline will also make the ionic hydroxide species transfer into the bulk channel. Thus, in edge 
area, the electro-migration could also contribute to the mixture of the ions. The edge effect of bipolar 
electrode in EC process could be neglected.
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1. Introduction

Electrocoagulation (EC) which is a kind of electrochemi-
cal wastewater treatment method is characterized by in-situ 
generation of coagulant and hydroxide flocs with high 
absorption ability EC is an environmental friendly process for 
treating wastewater with heavy metal ions and toxic organ-
ics. During electrocoagulation (EC) process, the Al3+ (or Fe2+) 
and OH–, which are released from anode and cathode, will 
transfer into bulk solution by electro-migration and diffu-
sion (Fig. 1). The electro-generated ions will undergo further 
spontaneous hydrolysis reactions to form hydroxide flocs 
[1]. These flocs have large surface areas, which are beneficial 

for a rapid adsorption and pollutant trapping [2–6]. Thus, 
the generation and mass transfer of the electro-generated 
hydroxides and flocs will have important effect on pollutant 
removal [7–10].

Most of the recent research focused on the optimiza-
tion and application of EC process for treating kinds of 
wastewater [11–13]. Response surface methodology was used 
to optimize the influence of experimental conditions (such as 
pH, solution conductivity, cell voltage and current density) 
for color removal, energy consumption electrode consump-
tion and sludge production [14]. Many researchers discussed 
the effect of operation parameters such as solution pH, initial 
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contaminant concentration and electrolyte concentration on 
the energy consumption and removal efficiency [15–20]. 

Although there are a lot of literatures about the appli-
cation and optimization of EC, its industrial application is 
not yet considered as an established wastewater technology 
because of the lack of systematic models for reactor scale-up 
[21,22]. Most of the literatures are using the statistical mod-
els for optimization [23–27]. The models about mass trans-
fer and momentum transfer during continuous or batch EC 
processes were seldom investigated [1,28].

A review of electrocoagulation modeling approaches was 
made by Hakizimana et al. [29]. Dubrawski et al. [30] devel-
oped a numerical model considering electric charge con-
servation to simulate the potential and current distribution 
during EC process. A 2D model [31] was established to study 
the effect of cell geometry and electrode configuration on EC 
performance. However, only the electric charge conserva-
tion is considered. The mass transfer and the electrochemical 
reaction were not considered. Chen et al. [32] established a 
one-dimensional electrochemical model to study the effect of 
electrolysis voltage. Delaire et al. [24] used an existing com-
putational model to investigate the combined effects of pH, 
Fe dosage rate and O2 recharge rate on arsenic removal in EC 
with Fe electrode.

However, these models did not consider the mass trans-
fer and fluid flow. The ionic species concentration of EC 
channel was considered as uniform distribution. The elec-
trolysis and electrode reaction rate were considered as a 
constant. Thus, these models are far from perfect to describe 
the process. A steady-state continuous EC model consider-
ing electrochemical reaction, hydrolysis reaction, mass and 
momentum transfer were established in our previous paper 
[1]. The generation and mass transfer of ionic species in EC 
process was discussed.

Bipolar electrode is widely used in electrochemical pro-
cesses. In electro-coagulation process, the bipolar electrode 
acts similar to a coagulant releasing system [33]. The Al3+ 
and OH– are released from the same bipolar electrode. The 
following paper presents a mathematical model simulat-
ing EC process with bipolar electrode. The EC with bipo-
lar electrodes (B-EC) and EC with monopolar electrodes 
(M-EC) are compared. The generation and mass transfer 
of coagulants released from bipolar electrode surface are 
modeled. The generation and mass transfer of soluble and 
insoluble hydroxides are simulated. The effect of mass 
transfer behavior of coagulants and flocs on the EC perfor-
mance was discussed. The edge effects of bipolar electrode 
in B-EC were modeled and studied with the consideration 
of mass transfer.

2. Mathematical formulations

The structure of continuous EC model is illustrated in 
Fig. 2. The B-EC is shown in Fig. 2(a). The M-EC is shown 
in Fig. 2(b).The solution flows into the channel at an initial 
velocity. In order to avoid inlet’s boundary influence on the 
flow field, an insulation wall with a length of 5 mm was set 
at the inlet. The forced convection was assumed along the 
channel. The aluminum electrodes were used. The current 
density was set as 0–20 A/m2. The supporting electrolyte was 
Na2SO4 (10 mol/m3). The residence time was set as 0–1 min. 
The pH value of the influent solution was set as 7. For B-EC 
and M-EC, the channel size is 10 × 40 mm. For B-EC, the size 
of bipolar electrode is 0.5 × 4 mm. There are 15 bipolar elec-
trodes and 10 monopolar electrodes in B-EC.

2.1. Electro-generation of coagulants and OH–

During EC with aluminum electrodes, the 
electro-generated Al3+ will react with OH– (originated from 
cathode surface) to form various aluminum hydroxide prod-
ucts which will finally transform into amorphous Al(OH)3(s).

The anode reaction is as follows:

Al(s) → Al3+ + 3e– (1)

Water electrolysis occurs at the cathode:

2H2O + 2e– → H2(g) + 2OH–  (2)

As the reaction proceeds, passivation film will be pro-
duced at the anode surface. The Al3+ releasing reaction will be 
hindered by the passivation. Water will be oxidized to form 
hydrogen and protons at the anode surface. Also at the con-
dition of high cell voltage, water will be oxidized at the anode 
surface. The water oxidization reaction is as follows:

2H2O – 4e– → O2(g) + 4H+ (3)

Fig. 1. Mass transfer principles in continuous EC process [1].

(a)

(b)

Fig. 2. Illustration of continuous M-EC (a) and B-EC (b) reactor 
model.
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2.2. Formation of soluble and insoluble hydroxides

The electro-generated coagulant Al3+ and OH– will transfer 
into bulk solution and hydrolyze to monomeric and poly-
meric hydroxides such as Al(OH) ,2+  Al(OH) ,2

+  Al(OH) ,(s)3  
Al(OH) ,4

−

 Al(OH) ,5
2−

 Al (OH)2 2
4+ ,  Al (OH)6 15

3+ ,  Al (OH)7 17
4+ ,  

Al (OH)8 20
4+ ,

 
etc. [1,34]. In order to simplify the model, the 

formation of polymeric hydroxides was not considered. Only 
the monomeric hydroxides Al(OH) ,2+  Al(OH) ,2

+  Al(OH) ,(s)3  
and Al(OH)4

−  were considered in this model [1]. The hydro-
lysis and water dissociation reactions involved were shown 
below:

Al + H O  Al(OH) + H3+
2

2+ +1-

1-

k

k

f

b

 →←   (4)

The reaction rate is as follows:

r k c k c cf bhydro,1 1 Al 1 Al(OH) H+ =  3+ 2+− −⋅ − ⋅ ⋅  (5)

Al(OH) + H O  Al(OH) + H2+
2 2

+ +2

2

k

k

f

b

−

−

 →←   (6)

The reaction rate is as follows:

r k c k c cf bhydro,2 2 Al(OH) 2 Al(OH) H
 =  2+

2
+ +− −⋅ − ⋅ ⋅  (7)

Al(OH) +H O Al(OH) +H2
+

2 3(s)
+3

3

k

k

f

b

−

−

 →←   (8)

The reaction rate is as follows:

r k c k c cf bhydro,3 Al(OH) 3 Al(OH) H2
+

3(s)
+= ⋅ − ⋅ ⋅− −3  (9)

Al(OH)  + H O  Al(OH)  + H3(s) 2 4
+k

k

f

b

4

4

−

−

 →← 
−

 (10)

The reaction rate is as follows:

r k c k c cf bhydro,4 4 Al(OH) 4 Al(OH) H+3(s) 4
= ⋅ − ⋅ ⋅− − −  (11)

H O  H + OH2
+k

k

w f

w b

−

−

 →← 
−

 (12)

The reaction rate is as follows:

r k K c cw w b w= − ⋅( )− −H OH+  (13)

where ci is the concentration of species i; k is the reaction rate 
constant.

2.3. Mass transfer of ionic species

2.3.1. Governing equations

The mass transfer flux of species i is given by 
Nernst–Planck equation [35,36]. There are three types of mass 

transport flux in EC channel: diffusion, electro-migration and 
convection. They are written as − ∇D ci i ,  Z ci i iµ ϕ( ),−∇  and Uci, 
respectively. The total mass transfer flux of species i is written 
as follows:

N D c z c Uci i i i i i i= − ∇ + −∇ +µ φ( )  (14)

where Di and Zi are diffusion coefficient and charge number 
of species i, respectively; φ represents electric potential; μi 
is the ionic migration rate and could be deduced from the 
Nernst–Einstein equation:

µi
iD F
RT

=  (15)

where F is the Faraday constant.
U is the flow velocity vector. The fluid flow was mod-

eled with the incompressible Navier–Stokes equation (N–S 
equation) [1,37].

The equation for mass conservation of species i is as 
follows:

∂
∂

+ ∇ ⋅ =
c
t

N Ri
i i  (16)

where Ri is the reaction rate of species i.
The reaction rate of species i in bulk solution is as follows:

Ri i= =
Na+ 0  (17)

Ri i= =
SO4

2+ 0  (18)

R ri i= + = −Al hydro3 1,  (19)

R r ri i= + = −
Al(OH) hydro hydro2 1 2, ,  (20)

R r ri i= + = −
Al(OH) hydro hydro

2
2 3, ,  (21)

R r ri i= = −Al(OH) hydro hydros)3 3 4( , ,  (22)

R ri i= − =Al(OH) hydro
4

4,  (23)

R r r r r ri i w= + = + + + +
H hydro,1 hydro hydro hydro,4, ,2 3  (24)

R ri i w= − =OH  (25)

The current density is as follows:

i F Z Ni
i

n

i=
=
∑

1
 (26)
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i F D c z ci i i i i i
i

n

= − ∇ − ∇( )
=
∑ µ φ

1
 (27)

The electro-neutrality equation is as follows:

Z ci
i

N

i
=
∑ =

1
0  (28)

2.3.2. Boundary conditions

The electrode current density is set as uniform current 
density. The total current of B-EC and M-EC is same.

i F D c z c ii i i i i i
i

n

= − ∇ − ∇( ) =
=
∑ µ φ

1
0  (29)

The mass transfer flux of species at anode surface is as 
follows:

N
i
F

Ni i i i= =+ = =
Al other species3

0

3
0;  (30)

The current density at cathode surface is set as follows:

i F D c z c ii i i i i i
i

n

= − ∇ − ∇( ) = −
=
∑ µ φ

1
0  (31)

The mass transfer flux of species at cathode surface is as 
follows:

N
i
F

Ni i i i= =− = − =
OH other species

0 0;  (32)

The boundary condition of inlet area is set as follows:

c c c c ci i i i i= =+ + + += = =
Na Na SO SO other species, ,

; ;
0 04

2
4
2 0  (33)

The potential of inlet boundary is set as reference 
potential.

φ = 0 (34)

It is assumed that all the mass passing through the outlet 
boundary is convection-dominated. 

( )− ∇ − ∇ =
=

D c Z ci i i i i i
µ φ

all species
0  (35)

Thus, the current density across the outlet boundary is 
also zero.

i F D c z ci i i i i i
i

n

= − ∇ − ∇( ) =
=
∑ µ φ

1
0  (36)

The insulation boundary condition is set as follows:

Ni i= =all species 0  (37)

i F D c z ci i i i i i
i

n

= − ∇ − ∇( ) =
=
∑ µ φ

1
0  (38)

2.4. Numerical method

The finite element software, COMSOL Multiphysics 
3.5A, is used to solve the nonlinear PDEs [35,36]. The 
two-dimensional EC reactor was meshed by the mesh gen-
erator of COMSOL. Quadrilateral elements were used. The 
method converges when the weighted absolute residual 
norm is less than 10–6. The stationary segregated nonlinear 
solver was chosen as the solver. The parameters for the model 
are shown in Table 1.

3. Results and discussion

3.1. Comparison between B-EC and M-EC

During EC process, the electro-generated coagulant (Fe2+ 
or Al3+) and OH– will transfer into the bulk solution and 
undergo further spontaneous hydrolysis reactions to form 
various monomeric and polymeric hydroxide species, part of 
which will finally transform into insoluble hydroxide flocs 
(Al(OH)3(s)). These flocs have large surface areas, which are 
beneficial for a rapid adsorption and pollutant trapping. 
Thus the generation of the flocs during B-EC and M-EC 
should be investigated.

For comparison, the B-EC and M-EC were simulated at the 
same total current density. The current density of the electrode 
of the M-EC and B-EC is 10 and 3.75 A/m2, respectively. At 
the same total current, the electro-generated coagulant Al3+ of 
bipolar and monopolar electrode structures is equal. The Al3+ 
will hydrolysis with the OH– generated from cathode to form 
hydroxide flocs. However, the generated hydroxide flocs are 
not equal for the bipolar and monopolar electrode structures. 
A 2D distribution of generated Al(OH)3(s) during B-EC and 
M-EC at same total current is illustrated in Fig. 3. It could be 
found that the concentration of generated Al(OH)3(s) flocs in 
B-EC is much larger than that of M-EC. The amount of gen-
erated Al(OH)3(s) flocs differs a lot between B-EC and M-EC. 

This could be explained by the mass transfer of ionic 
species in EC channel. The Al3+ hydrolysis reaction rate will 
increase with the presence of OH–. Thus, the hydrolysis 
reaction rate is dependent on the mixture of Al3+ and OH–. 
There are three types of mass transfer: diffusion, convection 
and electro-migration. However, only the diffusion and elec-
tro-migration at Y-direction could contribute to the mixture 
of these ions. 

During M-EC process, the cation hydroxide species 
are accumulated on the anode surface area (H+ controlled 
area). There is no cation hydroxide ions in the cathode sur-
face (OH– controlled area) [1]. In other words, the cation Al 
hydroxide species could not transfer into the OH– controlled 
area [1]. The flux of cation hydroxide ions is also near in the 
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OH– controlled area. Thus the AlOH3(s) will be generated in 
the area where the Al3+ and OH– meet with each other. It 
could be found that the AlOH3(s) is generated in the extremely 
narrow area, which is located in the middle of EC channel. It 
can be found in Fig. 3. 

During B-EC process, every bipolar electrode has anode 
and cathode side. Al3+ and OH– are released from anode 
and cathode of the same electrode. The distance between 
the anode and cathode is much closer. In Y-direction, the 
Al3+ and OH– will electro-migrate in a very short range to 
meet with each other. The result is that the reaction rate of 
Al3+ hydrolysis in channel during B-EC is larger than that 
of M-EC. When compared with EC with monopolar elec-
trode, the bipolar electrode structure (or porous electrode 
structure) improves the mass transfer of coagulants and 
OH– originated from anode and cathode, respectively. Also 
the bipolar electrode structure improves the depth of Al3+ 
hydrolysis reaction. A 2D distribution of generated ionic 
hydroxide species is illustrated in Fig. 4. In M-EC, almost 
all of the Al-containing species are in the form of ionic Al 
hydroxide species. In B-EC, most of the electro-generated 
Al3+ ions transform into Al(OH)3(s) and the concentration of 
ionic Al hydroxide species is very low.

Also, another fact must be mentioned is that the Al(OH)3(s) 
produced in B-EC process is distributed very uniformly. The 
reason is that during B-EC, the Al3+ and OH– are well distrib-
uted in every bipolar electrode channel. During M-EC pro-
cess, the Al(OH)3(s) is produced in a very narrow area. During 
B-EC and M-EC, the concentration profile of Al(OH)3(s) at the 
cross-section of the outlet area is illustrated in Fig. 5. During 
continuous M-EC, the flocs with very narrow distribution are 
not beneficial for the mixture of pollutant and flocs. The low 

mixture of pollutant and flocs could be overcome by the 
stirring or aeration. Thus, during continuous or batch M-EC 
process the stirring or aeration is necessary.

In EC process, OH– is generated by the cathode reaction. 
The H+ is produced by the Al3+ hydrolysis reaction near the 
anode surface [1]. The produced H+ and OH– will control the 

Table 1
Values of parameters for modeling

Parameter Value Reference 

Diffusion coefficient of Na+, D1 1.333×10–9 m2 s–1 [35,36]

Diffusion coefficient of SO4
2− , D2

1.08×10–9 m2 s–1 [35,36]

Diffusion coefficient of H+, DH 9.308×10–9 m2 s–1 [35,36]
Diffusion coefficient of OH–, DOH 5.280×10–9 m2 s–1 [35,36]

Diffusion coefficient of Al3+, D
Al3+

1.011×10–9 m2 s–1

Water density, ρ 1,000 kg m–3

Water dynamic viscosity, η 0.001 Pa s
Reverse direction reaction rate constant of water dissociation, kw - b 1.5×10–8 m3 mol–1 s–1

Ion-product constant of free water, Kw 1×10–8

Reaction rate constant of hydrolysis reaction of Al3+(forward), k1 – f 4.2×104 s–1 [38]
Reaction rate constant of first hydrolysis reaction of Al3+(backward), k1 – b 4.2×106 m3 mol–1 s–1 [38]
Value of hydrolysis constant (reaction 3), pK1 4.95 [38,39]
Value of hydrolysis constant (reaction 5), pK2 5.60 [38,39]
Value of hydrolysis constant (reaction 7), pK3 6.70 [38,39]
Value of hydrolysis constant (reaction 9), pK4 5.60 [38,39]
Retention time in EC channel, Rt 1 min
Influent pH value 7
Influent electrolyte concentration, Na2SO4 10 mol m–3

Current density of electrode of M-EC 10 A m–2

Current density of bipolar electrode of B-EC 3.75 A m–2

Fig. 3. 2D distribution of generated Al(OH)3(s)flocs during B-EC 
and M-EC, mol/m3.

Fig. 4. 2D distribution of generated ionic hydroxide species 
during B-EC and M-EC, mol/m3.
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hydrolysis reaction rate, which is very sensitive to the pH 
condition. Higher H+ or OH– concentration is not suitable for 
the formulation of Al hydroxide flocs. During B-EC process, 
the H+ and OH– are generated at the anode and cathode sur-
face of every bipolar electrode. The concentration of H+ and 
OH– generated in B-EC and M-EC is illustrated in Fig. 6. 

Under the same total current, the current density of B-EC 
is lower than that of M-EC. The total production of Al3+ and 
OH– during B-EC and M-EC is same. The concentration of 
electro-generated Al3+ and OH– and generated H+ is lower 
in B-EC. The lower concentration of H+ and OH– is suitable 
for the formation of Al hydroxide flocs [34]. This is another 
reason why the B-EC has a higher flocs production.

3.2. Edge effects of bipolar electrode during B-EC process

During B-EC process, the bipolar electrodes act similar to 
a coagulant releasing system. The bipolar electrode structure 
may have electrode edge effect which is common in electro-
chemical reactors. 

The Al3+ and OH– are released from anode and cathode 
surface of the same bipolar electrode. The mixture of Al3+ 
and OH– are mainly implemented by the electro-migration 

in Y-direction (perpendicular to electrode surface). In elec-
trochemical process, the currents are carried by the ions 
under electro-migration and diffusion. Most of the current 
are transferred by the ions under electro-migration. Thus the 
magnitude and direction of current could be an important 
parameter for the mixture of these ions.

In the electrochemistry process, for the electrode with 
high length/width ratio, the edge effect of electrode could be 
neglected [1]. However, in B-EC process, the length/width 
ratio is not high. The edge effects of electrode should be men-
tioned. The edge effects of electrode could be found in the cur-
rent distribution figure (Fig. 7). The color shows the value of 
current density. The arrow shows the direction of currents. The 
current density in bulk area (A) is uniform (same magnitude 
and direction). It could be considered as uniform electric field. 
However, at the area B and C, the magnitude and direction of 
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Fig. 6. 2D distribution of generated H+ and OH– during B-EC (a) 
and M-EC (b), mol/m3.

Fig. 7. Current density distribution in B-EC, A/m2.
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currents change with the position. The current decreases from 
the center area (A) of bipolar electrode channel to the edge 
area (B and C). The profile of current density at the channel 
center of bipolar electrode is illustrated in Fig. 7.

With the consideration of current distribution, the edge 
effects of bipolar electrode may be significant. However, 
from the aspect of the mixture of the coagulants and the 
hydroxide species, the edge effects of bipolar electrode in 
EC process could be neglected. The concentration of cation 
(area C1) and anion (area C2) hydroxide species is not neg-
ligible (Fig. 8). In these edge areas (C1 and C2), the direction 
of current is not perpendicular to the streamline. In edge area 
C1 and C2, the electro-migration in Y-direction (perpendic-
ular to the electrode surface) will also make the cation and 
anion hydroxide species transfer into the bulk channel. The 
electro-migration in X-direction could not contribute to the 
mixture of coagulants. It will accelerate the convection in 
X-direction. In edge area, the electro-migration could also 
contribute to the mixture of the ions. Thus, during the bipo-
lar electro-coagulation process, the edge effect of bipolar 
electrode could be neglected. 

3.3. Limitations of current EC model

During the continuous EC process, the hydrogen will be 
generated from cathode surface. The flocs will be generated 
in the EC channel. Thus there are three phases (solution, gas 
and floc phase) in the EC channel. In this work, the multi-
phase flow was not considered in this model. The multi-
phase flow will take an important effect on the mass transfer. 
The interaction between mass transfer and multi-phase flow 
should be considered in the future work.

4. Conclusions

The continuous electrocoagulation (EC) with bipolar 
electrode was modeled and simulated. The generation and 
mass transfer of coagulants released from bipolar electrode 
surface are modeled. The generation and mass transfer of 
soluble and insoluble hydroxides are simulated. 

The electrocoagulation with bipolar electrode (B-EC) 
was compared with the electrocoagulation with monopolar 
electrode (M-EC), which is commonly used. Under the same 
total current, the B-EC has a much higher flocs production 
than that of M-EC. This is due to the fact that the bipolar 
electrode structure has a better mass transfer which leads 
to a better mixture of generated coagulants and OH– during 
B-EC. During M-EC, the hydroxide flocs are generated in an 
extremely narrow area. The steric hindrance effect will lead 
to lower adsorption ability of the flocs. However, during 
B-EC, the hydroxide flocs are uniformly generated and dis-
tributed in the channel. This is beneficial for the formation of 
hydroxide flocs.

The concentration of produced H+ and OH– is much lower 
in B-EC. The lower concentration of H+ and OH– is suitable 
for the formation of Al hydrate flocs. This is another reason 
why the B-EC has a higher flocs production. Also low OH– 
concentration will lower the probability of electrode erosion.

The edge effects of bipolar electrode in B-EC were mod-
eled and studied. The edge effects were discussed with the 
consideration of mass transfer. The magnitude and direction 
of the current change and decrease from the bulk channel to 
the edge area. In the edge areas, the concentration of cation 
and anion hydroxide species is not negligible. In these areas, 
the electro-migration will also make the cation and anion 
hydroxide species transfer into the bulk channel. Thus, in 
edge area, the electro-migration could also contribute to the 
mixture of the ions. The edge effect of bipolar electrode in EC 
process could be neglected. The EC process with bipolar elec-
trodes shows a better mass transfer performance than that 
with monopolar electrodes.
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