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A B S T R A C T   

Marketable value of algal biomass has been increasing in recent years due to its wide range of applications. This 
study investigates the performance of a novel cylindrical interdigitated electrode array in electrocoagulation for 
the harvesting of marine microalgae (Tetraselmis sp.). The new electrode array is expected to exert a dielec-
trophoretic (DEP) force which would assist in the harvesting of the microalgae in the electrocoagulation process. 
Through numerical investigation, the induction of dielectrophoretic force was confirmed in the new electrode 
array. In this study, 10 min electrolysis time was found to be sufficient to harvest 82.4% microalgae with 1 cm 
electrode distance and 50 mA/cm2 current density. Furthermore, decreasing the electrode distance to 0.5 cm 
increased the algal harvesting efficiency to 96.18%. Energy analysis showed that the proposed electrode array 
shows 38% lower specific energy consumption than the conventional flat sheet electrode array.   

1. Introduction 

The demand of algal biomass has been increasing in recent years due 
to its wide range of application. Algal biomass is used in different ap-
plications such as biochemistry, bioplastic, biofuel, pharmaceutical, 
nutrition and cosmetic industries (Gouveia, 2011; Matos et al., 2013). 
Moreover, due to their high nutrient content, algal biomass has been 
also found to be suitable as livestock feed (Hawari et al., 2020). Algal 
biomass is harvested from microalgae which are photosynthetic micro-
organisms that grow in different water bodies including freshwater, 
seawater and hot springs (Richmond, 2008). The harvesting of micro-
algae is challenging due to their small size (1–30 μm diameter) (Jan-
kowska et al., 2017). Microalgae are primarily harvested by 
centrifugation, sedimentation, coagulation-flocculation, membrane 
based filtration and electrocoagulation (Zhao et al., 2021). Electro-
coagulation has showed an effective microalgal harvesting efficiency at 
a reduced energy demand (Gao et al., 2010b; Hawari et al., 2020). 

Uduman et al. (2011) investigated the harvesting of two different 
strains of marine microalgae (Chlorococcum sp. and Tetraselmis sp.) using 
electrocoagulation (Uduman et al., 2011). Direct current (DC) was 
applied using a pair of flat sheet stainless steel electrodes. By applying a 

voltage of 10 V for 900 s, 99% Tetraselmis sp. and 98% Chlorococcum sp. 
were harvested. The study also found that high temperature and high 
salinity of algal broth improves the harvesting efficiency. Vandamme 
et al. (2011) studied the effect of electrode type on the microalgal har-
vesting efficiency (Vandamme et al., 2011). In the study, iron (Fe) and 
aluminium (Al) electrodes were used to harvest Phaeodactylum tri-
cornutum by applying DC. The study showed that after 60 min of elec-
trocoagulation, the harvesting efficiency of the Al electrode array was 
20% higher than the Fe electrode array. Zenouzi et al. (2013) found that 
using Al electrode array reduces the energy consumption by 23% when 
compared to Fe electrode array (Zenouzi et al., 2013). Vasudevan S. 
(2011) found that, by applying an alternating current (AC) instead of a 
direct current (DC) in electrocoagulation, the energy consumption of the 
electrocoagulation process can be reduced by 58% (Vasudevan et al., 
2011). Hawari et al. (2020) studied algal harvesting using electro-
coagulation by applying an alternating current in an asymmetrical cy-
lindrical aluminium electrode array (Hawari et al., 2020). In the study, 
90.9% algal harvesting efficiency was achieved within 10 min of elec-
trocoagulation by applying 7.1 mA/cm2 current. A summary of different 
studies that have utilized electrocoagulation for the harvesting micro-
algae can be found in Table 1 of the supplementary document. The 
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literature survey suggests that despite better harvesting efficiency, 
harvesting processes using alternating current has not been studied 
extensively. 

In electrocoagulation, sacrificial electrodes are used to destabilize 
the suspension of algal particles in the aqueous medium. From the 
sacrificial electrodes, coagulants are formed in the aqueous medium 
which reduces the zeta potential and neutralizes the surface charge of 
the algae cells which in turn promotes coalescence (Uduman et al., 
2011). Electrocoagulation comprises of three phases. Firstly, through 
electrolytic oxidation coagulants are released from the electrode. Sec-
ondly, floc formation occurs in situ through neutralization of the nega-
tive surface charge of microalgae. Finally, big flocs are lifted through the 
flotation of hydrogen microbubbles that are formed during the reduction 
reaction (Matos et al., 2013). During electrocoagulation using 
aluminium, the following electrochemical reaction takes place in the 
reactor: 

Al  → Al3+ + 3e− (1)  

2H2O → O2 + 4H+ + 4e− (2)  

Al3+ + 3H2O ↔ Al(OH)3 + 3H+ (3)  

2H2O+ 2e− →H2 + 2OH− (4) 

Complete reaction would be: 

2Al  + 6H2O ↔ 2Al(OH)3 + 3H2 (5) 

It was found by (Alkhatib et al., 2020) that the performance of the 
electrocoagulation process can be further enhanced by inducing die-
lectrophoretic (DEP) force in the reactor. DEP force is a force that is 
generated on the dielectric particles in a non-uniform electric field 
(Hawari et al., 2015). During the application of the electrical current, 
dielectric polarization of particles takes place in the solution. As a result, 
a dipole moment is induced on the particles. Due to this induced dipole 
moment, a net force is generated on the particles which is known as 
dielectrophoretic force (Çetin and Li, 2011). Two types of DEP forces can 
affect the suspension of particles: positive DEP (pDEP) and negative DEP 
(nDEP). When the permittivity of the particles is higher than the 
aqueous medium, the particles will be attracted by the stronger electric 
field producing pDEP. Whereas, weaker electric field will attract the 
particles if their permittivity were lower than the aqueous medium, 
presenting nDEP (Du et al., 2009b; Çetin and Li, 2011). Type of DEP 
force exerted on a particle can be classified using the Clausius-Mossotti 
factor (K̃) that is calculated using equation (6): 

K%=
ε̃p − ε̃M

ε̃p + 2ε̃M
(6)  

ε̃= ε − jσ
ω (7)  

where, ̃εM is the complex permittivity of the medium, ̃εp is the complex 
permittivity of the particles, ε is the absolute permittivity, ω is the 

angular frequency 
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)
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The complex permittivity is used to replace the absolute permittivity 
by using alternative current (AC). Finally the DEP force can be calcu-
lated using (9) (Hawari et al., 2015): 

FDEP = 4πa3ε0εMre
[
K̃
]
(E ⋅∇)E (9) 

This study investigates the performance of a new cylindrical inter-
digitated electrodes (IDEs) array for electrocoagulation process. The 
new electrode configuration is designed for easier use in the electro-
coagulation reactor. Through numerical analysis, the induction of DEP 
force in the electrocoagulation process will be demonstrated. Through 
induction of DEP force, this electrode array is expected to improve algal 
harvesting efficiency. The impact of current density, electrolysis time 
and inter-electrode distance on the algal harvesting efficiency of the 
proposed electrode array will be evaluated. A comparative study will 
also be performed using a pair of parallel flat plate electrodes with 
similar electrode area. Analysis of aluminium content in the harvested 
microalgae and energy consumption will also be investigated. 

2. Material and methods 

2.1. Microalgal species 

In this study, marine microalgae (Tetraselmis sp.) was used. Tetra-
selmis sp. are elliptical, spherical, and unicellular microorganisms. 
Guillard’s f/2 solution was used for the growth of algae where all the 
provided nutrients were of analytical grade. The initial optical density of 
the collected algae sample was measured at a wavelength of 750 nm 
using a spectrometer (Orion AquaMate UV-VIS Spectrophotometer 
Waltham, USA) where the algal broth was found to have an optical 
density of 0.300. Table 1 summarizes the initial characteristics of the 
algal broth. 

2.2. Numerical analysis 

In order to investigate the impact of dielectrophoretic force in the 
proposed electrocoagulation setup, a numerical model was built using 
COMSOL Multiphysics 5.5. As seen from equations (8) and (9), the DEP 
force is directly proportional to the square of the electric field. Thus, the 
square of the electric field was calculated as an indicator for the DEP 
force in the two proposed electrode arrays, the EC-DEP array and the 
parallel plate electrodes (EC). The schematics of the simulated geometry 
can be seen in Fig. 1. The effect of current density and electrode distance 
on the square of the electric field was assessed in both geometries. While 
studying the effect of current density, the electrode distance was kept 
constant at 1 cm. In this numerical study, the current density varied 
between 20, 30, 40 and 50 mA/cm2. For comparison, the square of the 
electric field of the EC array was also evaluated at a current density of 
50 mA/cm2. For analysing the effect of electrode distance, the applied 
current density was kept constant at 50 mA/cm2. For the EC-DEP array, 
the square of the electric field was evaluated at 0.5, 0.75, 1.00 and 1.25 
cm electrode distance. For comparison, the square of the electric field of 
the EC array was also evaluated at an electrode distance of 0.5 cm. The 
numerical study was conducted in a two-dimensional model, assuming 
the length of the cylindrical rods (EC-DEP) and the width of the plates 
(EC) is infinite. The electric potential was solved at a set of boundary 
conditions. To solve this problem for the current densities, the quasi- 
electrostatic form was used. The root mean square (rms) of the electric 
field is calculated using equation (10) (Du et al., 2009a): 

E= − ∇ϕ (10)  

Table 1 
Initial characteristics of the algal broth.  

Parameter Value Standard method 

Temperature (oC) 23.1 ± 0.1 APHA 2550 Temperature 
pH 6.10 ± 0.1 APHA 4500-H þ B. Electrometric Method 
Conductivity (mS/ 

cm) 
62.53 ± 1 APHA 2520 B. Electrical Conductivity 

Method 
Zeta potential (mV) − 29.3 ± 2 Particle Size and Zeta Potential Analyzer, 

Malvin  
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Here, ϕ is the rms of the electrostatic potential which can be given by the 
Laplace’s equation (11): 

∇2ϕ= 0 (11) 

The boundary conditions were fixed for the surface of the charge 
carrying electrodes: 

ϕ1 =Uo (12)  

ϕ2 = 0 (13)  

Here, U0 is the rms of the oscillating potential drop. To ensure mesh- 
independent results, adaptive mesh refinement has been applied. 

2.3. Experimental setup & procedure 

The experimental setup of the electrocoagulation process is shown in 
Fig. 2. All the experiments were carried out in a graduated beaker with a 
volume of 1 L. An alternating current (AC) in the electrocoagulation 
process was provided using a variable transformer (KDGC-1KVA, 
China). To ensure the homogeneity of the broth in the reactor, contin-
uous mixing was provided at 200 rpm using a magnetic stirrer (DLAB 

MS-H280-Pro, China). The samples were collected from the reactor 
using a peristaltic pump (OMEGA FPU5-MT, Surrey, UK). 

In this study, the performance of a cylindrical interdigitated elec-
trode array (IDEs) was evaluated and compared with the performance of 
a pair of parallel plate electrodes. The IDEs array is composed of 8 
interdigitated cylindrical electrodes. The length and diameter of each 
cylindrical rod were 65 mm and 2.5 mm, respectively, with a total 
surface area of 40.82 cm2. In this paper, this electrode array will be 
referred to EC-DEP. The two parallel flat sheet aluminium electrodes 
have an area of 40.82 cm2. This electrode array will be referred as EC in 
this paper. Using these two electrode arrays, the effect of electrolysis 
time, electrode distance and current density on the algal harvesting 
process was studied. During the electrocoagulation process, current and 
voltage were measured using two digital multimeters (Mastech MS8217, 
USA). After electrocoagulation, samples were collected from the reactor 
followed by 30 min of settling time. The optical density of the collected 
samples was then measured. The algal harvesting efficiency (η) was 
calculated using equation (14): 

η=
(

OD0 − ODt

OD0

)

100% (14)  

Where, OD0 is the initial optical density of the algal broth and ODt is the 
optical density after a prespecified time (t). After each experiment, the 
electrodes were cleaned before reused using sandpaper to remove any 
precipitates. Furthermore, the energy consumption Cenergy (kWh/m3) 
was calculated using equation (15): 

Cenergy =
U  ×  I  ×  t

1000 × v × Ci
(15)  

R=
ρL
A

(16)  

where U is the voltage (V), I is the applied current (A), t is time (hr) at 
specific harvesting efficiency (%), Ci is the initial concentration of 
microalgae and v is the volume of the broth (m3). The resistance (R) of 
the electrodes was calculated using equation (16): 

Here, ρ, L, and A corresponds to resistivity of the material, length and 
area of cross section of the electrode. 

2.4. Aluminium content 

In order to measure the aluminium content in the harvested algal 
biomass, the harvested algae samples were freeze dried for 1 day. 10 mg 

Fig. 1. Schematics of the geometry utilized for numerical study (a) EC-DEP 
electrode array, (b) EC electrode array. 

Fig. 2. Schematic diagram of the experimental setup.  
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of the biomass was then digested with 2 mL of concentrated nitric acid in 
a hydrothermal autoclave reactor (Techinstro, India). The reactor was 
heated to 150 ◦C in a furnace for 5 h. Then the reactor was left to cool 
down to room temperature. The digested samples were filled with 10 mL 
of distilled water and filtered using a 0.2 μm pore size syringe filter (GD/ 
X Whatman, UK). Finally, the samples were analysed by ICP-OES (Perkin 
OPTIMA 7300 DV, USA). An industrial machine vision camera (Daheng 
Imaging MER-112-32U3C, China) was used to study the surface of the 
electrode arrays before and after the electrocoagulation process. All the 
experiments were performed in triplicate and the average value was 
reported. The error bars for each presented value represent the variance 
of the different measured samples. 

3. Results and discussion 

3.1. Numerical analysis 

In the numerical study, the effect of current density and electrode 
distance on the square of the electric field was evaluated. The effect of 
current density was studied at an electrode distance of 1 cm. For the EC- 
DEP array, the studied current densities were 20, 30, 40 and 50 mA/cm2. 
To compare the results with the EC array, the square of the electric field 
in the EC array was evaluated at 50 mA/cm2 current density. Fig. 3 
shows the effect of current density on the square of the electric field 
distribution for the studied electrode arrays. As seen from Fig. 3, for the 
EC-DEP electrode array, the maximum squared electric field intensity of 
1 × 109 V2/m3 was found at the surface of the electrodes and the in-
tensity decreased with decreasing current density. Whereas for the EC 
electrode array, the squared electric field intensity was found only 
around the top and bottom edges of the plates. 

The effect of electrode distance on the square of the electric field was 
evaluated with constant current density of 50 mA/cm2. For the EC-DEP 
array, the studied distance between the electrodes was 0.5, 0.75, 1.00 
and 1.25 cm. For comparison, the EC array was analysed with 0.5 cm 
electrode distance. Fig. 4 shows the square of the electric field distri-
bution for the studied electrode arrays. As seen in Fig. 4, the maximum 
squared electric field intensity of 4 × 109 V2/m3 is observed at the 
surface of the electrodes in the EC-DEP array. However, as the electrode 
distance increases, the area of maximum squared electric field intensity 
around the surface of the electrode decreased (Fig. 4 (a), (b), (c) and 
(d)). Furthermore, the numerical study on the EC array illustrated that 

the squared electric field intensity was found only around the top and 
bottom edges of the plates (Fig. 4 (e)). Hence, indicating minimal DEP 
force distribution is the EC array setup compared to the EC-DEP array. 

3.2. Impact of electrolysis time 

The impact of electrolysis time on the algal harvesting efficiency was 
studied using EC and EC-DEP arrays. The electrode distance and applied 
current density were kept constant at 1 cm and 50 mA/cm2, respec-
tively. Fig. 5 shows the effect of electrolysis time on the algal harvesting 
efficiency. As seen in Fig. 5, after 1 min, the algal harvesting efficiency 
for both electrode arrays was 6.89%. After 20 min of electrocoagulation, 
the harvesting efficiency reached 94.5% for both electrode arrays. For 
both electrode arrays, the harvesting efficiency increased with time. 
Application of current for longer duration will result in dissociation of 
further Al3+ ions from the sacrificial electrodes (as seen in equation (1)) 
(Hawari et al., 2020). Between a pH of 5 and 7, these Al3+ ions will react 
with OH− ions in water and form Al(OH)3 (Arain et al., 2015). Al(OH)3 
will neutralize the surface charge of the microalgae, which will cause the 
reduction in the electrostatic repulsion between the microalgae particles 
which will allow the Van der Wall’s force to dominate. As a result, 
coalescence of the suspended microalgae will be promoted. Simulta-
neously, H2 gas will also be produced from the electrolytic reduction 
reaction at the anode (as seen in equation (4)). Formation of H2 and 
consumption of OH− by Al3+ would reduce the pH of the algal broth. 
Reduction of the pH of the algal broth below 5 would prevent the for-
mation of Al(OH)3, as indicated by the Pourbaix diagram of Aluminium 
(Arain et al., 2015). During this study, a pH of 5.32 and 5.57 was 
recorded after 20 min of electrocoagulation using the EC-DEP and EC 
electrode array, respectively. Although electrocoagulation of both 
electrode arrays resulted in similar harvesting efficiency after 20 min of 
operation, EC-DEP electrode array reached 82.4% algal harvesting ef-
ficiency within 10 min. Whereas the EC electrode array reached 59.9% 
algal harvesting efficiency after 10 min. The EC-DEP array showed rapid 
coagulation rate due to the added dielectrophoretic effect which is 
induced due to the non-uniform electric fields created by the interdigi-
tated cylindrical electrodes (Du et al., 2009a). The presence of an intense 
DEP force in the EC-DEP array was confirmed by the numerical study in 
section 3.1. The DEP force will promote collision among microalgae and 
assist the van der Waals’s force in promoting coagulation (Hawari et al., 
2015). 

Fig. 3. Square of the electric field (∇|E|^2) distribution for EC-DEP module for current density of (a) 50 mA/cm2, (b) 40 mA/cm2, (c) 30 mA/cm2 & (d) 20 mA/cm2 

and for EC module with current density of (e) 50 mA/cm2. 
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3.3. Impact of current density 

The impact of current density on the harvesting efficiency of 
microalgae was studied for both EC and EC-DEP arrays. During elec-
trocoagulation, the electrode distance was maintained at 1 cm and the 
electrocoagulation process was carried out for 10 min. The studied 
current densities were 20, 30, 40 and 50 mA/cm2. Fig. 6 shows the effect 
of current density on the algal harvesting efficiency. As seen in Fig. 6, 
using the EC array, 24.9%, 39.1%, 47.2% and 59.9% algal harvesting 
efficiency was obtained after applying 20, 30, 40 and 50 mA/cm2 cur-
rent density, respectively. Whereas, using the EC-DEP module, 54.2%, 
76.3%, 85.9% and 88.3% algal harvesting efficiency was obtained after 
applying 20, 30, 40 and 50 mA/cm2 current density, respectively. For 
both EC-DEP and EC electrode arrays, increasing the current density 
increases the algal harvesting efficiency. Increasing the current density 
increases the production rate of Al3+ in the reactor (Gao et al., 2010a). 
Production of more Al3+ at a higher current density will promote the 
formation of Al(OH)3 which would enhance the electrocoagulation 
process. It can be also seen from Fig. 6 that the enhancement of the 
harvesting efficiency of the EC-DEP electrode array compared to the EC 
electrode array was 29.4%, 37.2%, 38.7% and 28.4% at 20, 30, 40 and 
50 mA/cm2 applied current density, respectively. This is because, along 

with the van der Waals’s force, the proposed EC-DEP electrode array 
induces additional dielectrophoretic force in the electrocoagulation 
process that improves collision between the microalgae and enhances 
coagulation. In this study, the DEP force exerted on the microalgae 
during electrocoagulation is negative DEP (nDEP) because the permit-
tivity of the microalgae is lower than the permittivity of the algal broth 
(Hawari et al., 2015). The direction of the nDEP force is towards the 
region of low electric field from the region of high electric field. Thus, 
the nDEP will push the microalgae particles away from the surface of the 
electrodes. This will not only enhance the electrocoagulation process, 
but also reduce accumulation of microalgae on the electrodes (Hawari 
et al., 2020). The presence of DEP in the electrocoagulation process was 
confirmed in the numerical study shown in Fig. 3, which also suggested 
that increasing the current density will increase the dielectrophoretic 
force. In addition to the DEP force effect in the EC-DEP electrode array, it 
was found that the high electric field intensity in the EC-DEP array was 
recurring between the electrodes. While in the EC electrode array it was 
found that only the top and bottom edges of the plate electrodes showed 
high electric field intensity while most of the area of the electrode lacks 
high electric field intensity as shown in Fig. 7. Fig. 7 shows the electric 
field intensity at the surface of the EC and the EC-DEP electrode arrays. 
As seen from Fig. 7 (a), for the EC-DEP array, the highest electric field 

Fig. 4. Square of the electric field (∇|E|^2) distribution for EC-DEP module with electrode distance of (a) 0.5 cm, (b) 0.75 cm, (c) 1.00 cm & (d) 1.25 cm and for EC 
module with electrode distance of (e) 0.5 cm. 

Fig. 5. Effect of electrolysis time on harvesting efficiency (1 cm electrode distance, 50 mA/cm2).  

W.A. Khatib et al.                                                                                                                                                                                                                              



Journal of Environmental Management 292 (2021) 112761

6

Fig. 6. Effect of applied current on harvesting efficiency (1 cm electrode distance, 10 min electrolysis time).  

Fig. 7. Electric field intensity at the surface of (a) EC-DEP electrode array and (b) EC electrode array. (electrode distance of 0.50 cm and current density of 50 mA/ 
cm2, arc length = distance from the top edge (for EC array) and distance from the top electrode (EC-DEP array). 

Fig. 8. Effect of electrode distance on algal harvesting efficiency (10 min, 50 mA/cm2).  
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intensity was 2900 V/m observed at the surface of the electrodes con-
nected with the power source. On the other hand, at the surface of the 
grounded electrodes, an electric field intensity of 1700 V/m was 
observed. Whereas Fig. 7 (b) shows that for the EC electrode array, the 
electric field intensity at the top and bottom edges of the electrode was 
2900 V/m. Away from the edges, the electric field intensity remains 
constant at 1900 V/m. The recurrence of high electric field intensity in 
the proposed EC-DEP electrode array would result in more production of 
aluminium in the electrocoagulation process which will enhance the 
harvesting efficiency. The more production of aluminium using the 
EC-DEP array compared to the EC array was confirmed in the amount of 
aluminium in the harvested microalgae. The amount of aluminium in 
the harvested algae is explained further in section 3.5. 

3.4. Impact of electrode distance 

The impact of electrode distance on the algal harvesting efficiency 
was studied for both EC and EC-DEP arrays. The studied electrode dis-
tances were 0.5, 0.75, 1.00 and 1.25 cm. The applied current density and 
electrolysis time of the electrocoagulation process were kept constant at 
50 mA/cm2 and 10 min, respectively. Fig. 8 presents the impact of 
electrode distance on the algal harvesting efficiency. From Fig. 8 it can 
be seen that for EC electrode array, 0.5, 0.75, 1 and 1.25 cm electrode 
distance resulted in harvesting efficiency of 92.9%, 87.5%, 59.9% and 
53.5%, respectively. Whereas, for the EC-DEP electrode array, electrode 
distance of 0.5, 0.75, 1 and 1.25 cm resulted in 96.2%, 92.7%, 88.3% 
and 84.9% algal harvesting efficiency, respectively. In both EC and EC- 
DEP arrays, decreasing the electrode distance increased the harvesting 
efficiency due to the reduced electrical resistance in the electro-
coagulation reactor (Du et al., 2013; Gao et al., 2010a). Ghosh et al. 
(2008) also suggested to use lower electrode distance to improve 
effectiveness of electrocoagulation and to reduce the energy consump-
tion (Ghosh et al., 2008). From Fig. 8 it can also be observed that, for 0.5, 
0.75, 1 and 1.25 cm electrode distance, the harvesting efficiency of the 
EC-DEP array was 3.28%, 5.28%, 28.40% and 31.36% higher, respec-
tively than the harvesting efficiency obtained using the EC array. This is 
because of the additional DEP force exerted in the EC-DEP array as 
indicated by the numerical study in section 3.1. Fig. 8 also indicates that 
increasing the distance between the electrodes from 0.50 cm to 0.75 cm, 
1.00 cm and 1.25 cm decreases the harvesting efficiency by 3.41%, 
7.91% and 11.29%, respectively. Whereas the harvesting efficiency 
difference increased significantly by 5.4%, 33.03% and 39.37% for 
electrode distance of 0.50, 0.75, 1.00 and 1.25 cm, respectively in the EC 
electrode array. The difference in the EC-DEP electrode array is not very 
significant because even at higher electrode distances, the EC-DEP 

electrode array exhibits electric field intensity higher that 2000 V/m. 
This high electric field intensity is exhibited due to higher resistance in 
the EC-DEP electrode array which will result in additional aluminium 
production during electrocoagulation. The additional aluminium is 
found in the harvested algae and is discussed in detail in section 3.5. 

3.5. Energy consumption 

The specific energy consumption of the electrocoagulation process 
with EC and EC-DEP electrode array was studied for current densities of 
20, 30, 40 and 50 mA/cm2. For this study, the electrolysis time and 
electrode distance were kept constant at 10 min and 1 cm, respectively. 
The specific energy consumption was calculated using equation (15). 
Fig. 9 shows the effect of current density on the specific energy con-
sumption of EC and EC-DEP electrode array. As seen from Fig. 9 using 
the EC electrode array with electrode distance of 1 cm, application of 20, 
30, 40 and 50 mA/cm2 current density resulted in specific energy con-
sumption of 2.24, 3.05, 4.15 and 4.38 kWh/kg, respectively. Whereas, 
using the EC-DEP electrode array, applying a current density of 20, 30, 
40 and 50 mA/cm2 resulted in specific energy consumption of 1.41, 
2.22, 3.01 and 3.84 kWh/kg, respectively. The results in Fig. 9 shows 
that the energy consumption of both electrode arrays increased with 
increasing current density. The trend of increasing energy consumption 
with the increase in current density is expected according to equation 
(15). Moreover, Fig. 9 shows that the EC-DEP electrode array results in 
lower energy consumption than the EC electrode array for all evaluated 
current densities. This due to the higher algal harvesting efficiency ob-
tained by the EC-DEP electrode array. The proposed EC-DEP electrode 
array achieved lower energy consumption compared to Hawari et al. 
(2020) and Uduman et al. (2011) who harvested the same marine 
microalgae (Tetraselmies sp.) with an energy consumption of 4.62 and 
9.16 kWh/kg, respectively (Hawari et al., 2020; Uduman et al., 2011). 

3.6. Aluminium content 

Aluminium content was analysed in the harvested algal biomass. The 
algae used for aluminium analysis was collected after electrocoagulation 
at an electrode distance of 0.5 cm after 10 min electrolysis time using EC 
and EC-DEP electrode arrays. Fig. 10 shows the aluminium content in 
the harvested microalgae at current densities of 20, 30, 40 and 50 mA/ 
cm2. As seen from Fig. 10, the EC electrode array resulted in 3.10, 11.39, 
17.02 and 15.48 mg/g aluminium in the harvested microalgae for cur-
rent densities of 20, 30, 40 and 50 mA/cm2, respectively. Whereas the 
EC-DEP electrode array resulted in 6.79, 16.24, 19.07 and 19.78 mg/g 
aluminium in the harvested microalgae for current densities of 20, 30, 

Fig. 9. Specific energy consumption of the electrocoagulation process for EC and EC-DEP array at different electrode distances.  
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40 and 50 mA/cm2, respectively. As observed from these results, while 
using the EC-DEP array, increasing the current density increased the 
aluminium content in the harvested microalgae. This is because, at a 
higher current density more aluminium hydroxide Al(OH)3 would be 
produced in the electrocoagulation reactor (Arain et al., 2015). This 
additional aluminium hydroxide resulted in higher algal harvesting ef-
ficiency and hence higher aluminium content in the harvested micro-
algae. This trend was not observed while using the EC electrode array, it 
was observed that as the current density increased from 40 mA/cm2 to 
50 mA/cm2 the aluminium content in the harvested algae decreased 
from 17.02 to 15.48 mg/g. This could be due to electrode passivation at 
higher current densities which indicates low current efficiency. 

Current efficiency is the ratio of the actual mass of a substance 
liberated from an electrolyte by the passage of current to the theoretical 
mass liberated according to Faraday’s law (Ahmadi and Ghanbari, 2016; 
Izquierdo et al., 2010). The higher amount of Aluminium in the collected 
microalgae in the EC-DEP electrode array compared to the EC electrode 
array indicates that the current efficiency of the proposed EC-DEP 
electrode array is higher than the current efficiency of the conven-
tional EC electrode array. Moreover, it was found that the aluminum 
hydroxide Al(OH)3 formed during the electrocoagulation process 
deposited on the electrode surface which caused electrode passivation. 
Fig. 11 shows the electrode surface of the EC and EC-DEP array before 
and after the electrocoagulation process. As seen in Fig. 11 (b) and (c) 

Fig. 10. Effect of current density on the aluminium content in harvested microalgae (0.5 cm).  

Fig. 11. Clean EC electrode surface (a), EC array at 40 mA/cm2 (b) & EC array at 50 mA cm2 (c) and Clean EC-DEP electrode surface (d), after EC at 40 mA/cm2 (e) & 
after EC at 50 mA/cm2 (f). 
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passivation of the EC electrode array intensifies when 50 mA/cm2 cur-
rent density was applied. On the other hand, Fig. 11 (e) and (f) shows 
that for the EC-DEP array the electrode passivation is relatively similar 
when 40 mA/cm2 and 50 mA/cm2 current densities are applied. For the 
EC array, the higher degree of passivation at 50 mA/cm2 current density 
reduced coagulant production rate and resulted in 10% lower aluminum 
content in the harvested microalgae, compared to 40 mA/cm2 current 
density. Thus, it can be concluded that the proposed electrode array can 
reduce the degree of electrode passivation and improve the utilization of 
produced coagulants through improved harvesting efficiency. 

4. Conclusion 

This study investigated the performance of a novel dielectrophoretic 
force induced by cylindrical interdigitated electrode array (EC-DEP) for 
harvesting marine microalgae (Tetraselmis sp.) in electrocoagulation. 
The performance of the proposed electrode array was compared with a 
conventional flat parallel plate electrode array (EC). Through numerical 
study, the induction of dielectrophoretic force was confirmed in the 
electrocoagulation process. During experimental analysis, applying 50 
mA/cm2 current for 10 min using the proposed EC-DEP electrode array 
resulted in 88.3% algal harvesting efficiency. Whereas similar operating 
condition resulted in 59.9% algal harvesting efficiency using the con-
ventional EC electrode array. The improvement in algal harvesting ef-
ficiency using the EC-DEP module can be attributed to three main 
factors. Firstly, the recurrence of high electric field intensity in the 
proposed EC-DEP electrode array resulted in additional aluminium 
production in the electrocoagulation process. Secondly, the EC-DEP 
electrode array intensified the collision among microalgae and assisted 
the van der Waals’s force in promoting coagulation. Thirdly, reduced 
electrode passivation in the proposed EC-DEP electrode array helped to 
sustain higher algal harvesting efficiency at higher current densities. 
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of cross-flow membrane filtration using dielectrophoresis with a novel electrode 
configuration. J. Membr. Sci. 448, 256–261. 

Gao, S., Yang, J., Tian, J., Ma, F., Tu, G., Du, M., 2010a. Electro-coagulation–flotation 
process for algae removal. J. Hazard Mater. 177 (1), 336–343 https://doi.org/ 
https://doi.org/10.1016/j.jhazmat.2009.12.037.  

Gao, S., Yang, J., Tian, J., Ma, F., Tu, G., Du, M., 2010b. Electro-coagulation–flotation 
process for algae removal. J. Hazard Mater. 177 (1–3), 336–343. 

Ghosh, D., Solanki, H., Purkait, M.K., 2008. Removal of Fe(II) from tap water by 
electrocoagulation technique. J. Hazard Mater. 155 (1), 135–143 https://doi.org/ 
https://doi.org/10.1016/j.jhazmat.2007.11.042.  

Gouveia, L., 2011. Microalgae as a feedstock for biofuels. In: Microalgae as a Feedstock 
for Biofuels. Springer, pp. 1–69. 
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