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ABSTRACT

MUSSA, AFNAN, A., Masters: January: 2022, Masters of Science in Environmental
Engineering

Title: Harvesting of Chlorella sp. Microalgae by Dielectrophoretic Force Using

Titanium Dioxide (TiOy) Insulated Electrodes

Supervisor of Thesis: Alaa, H., Al Hawari.

The harvesting of microalgae using conventional technologies suffers from
biomass contamination, high energy consumption and long processing time. In this
study, titanium dioxide (TiO.) insulated stainless steel electrodes were used for the
harvesting of Chlorella sp. microalgae by dielectrophoretic force. The new electrode
configuration is expected to achieve high harvesting efficiency with zero contamination
for the harvested biomass. The effect of various experimental parameters on the
harvesting efficiency were evaluated using a bench scale setup. This includes settling
time, applied voltage, interelectrode distance, application of pulsed electric field, and
applied current frequency. The maximum harvesting efficiency of 76.6% was obtained
at 4 mm interelectrode distance, 200 V applied voltage, 250 kHz frequency, and
application of pulsed electric field for 30 minutes. Under these conditions, the energy
consumption was 7.76 kWh/kg. The most significant impact of using the new electrode
configuration is achieving high harvesting efficiency with no contamination for the

biomass.
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Chapter 1: Introduction

1.1 Research Overview

Microalgae are unicellular and multicellular microorganisms that include
prokaryotic microalgae (i.e., cyanobacteria), eukaryotic microalgae such as green algae,
red algae, and diatoms (Brennan & Owende, 2010). With the presence of CO, air, and
nutrients (Dineshbabu et al., 2019), microalgae have the ability to convert 9-10% of
solar energy into organic biomass with a theoretical yield of approximately 77
g.biomass™.m2.day? (Melis, 2009). The importance of microalgae is due to their short
production turnover (less than 15 days) (Brennan & Owende, 2010), simple growth
requirements in arable land and freshwater (G. Singh & Patidar, 2018), highest
photosynthetic productivity on earth which is more than 50%, potential for year round
production (J. Singh & Gu, 2010), and their richness with valuable products such as
proteins, lipids, and carbohydrates (Dineshbabu et al., 2019; Gouveia et al., 2017).
Furthermore, the economic value of microalgal biomass represented in its world market
of 6x10° U.S$/year, with around 7.5x10° ton/year of macroalgae harvested, and 5,000
tons/year of dry biomass matter produced (Pulz & Gross, 2004). Microalgae is rich with
valuable components which can be utilized directly or indirectly in various applications
such as biofuels, health supplements and pharmaceuticals, and cosmetics. Furthermore,
the interest in utilizing microalgae in wastewater treatment and atmospheric
CO2 mitigation have been increasing (Khan et al., 2018). The major components of
microalgae are proteins counting for more than half (i.e., 40 - 65%) of its biomass in
some species (Vaz et al., 2016). This protein is important as nutritious component for
human body, due to the presence of all the essential amino acids required for human

growth. It is reported that the protein content found in some microalgae species are
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higher than the protein found in protein rich food such as eggs and soybean (i.e., 610
g/Kg of protein in microalgae and 370 g/Kg protein in soybean) (Buono et al., 2014).
Another valuable microalga component is lipids which can be accumulated in large
quantities under stress environments (Adarme-Vega et al., 2012). For example, some
microalgae species contain omega-3 fatty acids accounting for approx. 30-40% of their
total fatty acid components. It is reported that the consumption of omega-3 fatty acids
is important to cure cardiovascular and neurodegenerative diseases, and to develop
brain function and nervous system especially in children (Wysoczanski et al., 2016).
Additional nutritious components in microalgae are vitamins such as Vitamin A, B1,
B2, B6, B12, C, E, K, niacin, nicotinate, biotin, and folic acid. In addition to minerals
which counts for 2.2-4.8% of total dry biomass weight such as Ca, P, Mg, K, Na, Zn,
Fe, Cu, and S (Fox & Zimba, 2018). Biofuel from microalgae is considered as a
promising renewable and sustainable energy source, and a cleaner alternative for fossil
fuels. Microalgal cells accumulate around 50-70% of lipids and reach up to 80% in
some species (Mata et al., 2010), hence produce 58,700 L/hac of oil (Medipally et al.,
2015). One of the most common biofuels are bioethanol which is produced by the
conversion of carbohydrates such as glycogen, starch, agar, and cellulose, to
fermentable sugars. Production of bioethanol from microalgae is significant for the
improvement of sustainable biofuels due to its ease of production and its advantages
over other biofuels (Goldemberg, 2007). Another important biofuel is biodiesel which
can be produced from most of the microalgae species. Although of the importance of
biofuels from microalgae, however the large-scale production and commercialization
is limited, and it is considered economically infeasible due to high operational and

maintenance costs mainly due to harvesting and conversion processes.



The production process of algal byproducts includes three main steps;
cultivation of microalgae, harvesting of microalgae and the extraction of bioproduct
from the sample (Khoo et al., 2020), as shown in Figure 1. After the cultivation of
microalgae species, the volume of the suspension must be reduced, and microalgae
must be harvested for reusing in further applications. Harvesting of microalgae is the
process of concentration and separation of microalgae from water. The duration of this
step ranges from a day to 10 days depending on the separation method (Qari et al.,
2017). The choice of the harvesting method is based on the properties of microalgae
such as size, density, concentration, and the value of the required byproduct (Brennan
& Owende, 2010). The existing microalgae harvesting methods are categorized into
biological, chemical, mechanical, and to a lesser extent, electrical operations
(Branyikova et al., 2018), as presented in Table 1. It is important to mention that
harvesting of microalgae is considered as the most challenging step for algae
industrialization due to the small size of the microalgae cell ( < 30 um) (Singh &
Patidar, 2018) dilute nature of the microalgae culture (200 - 600 mg/L) (Christenson &
Sims, 2011), and high operational cost which might exceed 50% of the total microalgae
production cost (Milledge & Heaven, 2013). Microalgae harvesting technologies
should be feasible with low energy requirement, minimize the addition of harmful
chemicals, small footprint requirement, and provide the recycling of water medium
(Laamanen et al., 2016). Introduction of electric field to conventional microalgae
harvesting methods have shown great potentials to develop these methods. For instance,
electro-flocculation and electrocoagulation processes are intensively employed for
harvesting of microalgae due to their applicability on almost all microalgae species and

sizes. Furthermore, no chemical or biological coagulants are required in these processes
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because the coagulants are produced by electrolytic oxidation of metal electrodes with
application of the electric field. Although of the high harvesting efficiency of these
methods (80 — 95 %), however, the corrosion of the metal electrodes that contaminates
the biomass, and the high energy requirement hinder the utilization of these processes
(Singh & Patidar, 2018). The conventional harvesting methods of microalgae are

reviewed and compared in chapter 2 section 2.1

Algae and site selection
> Algae cultivation
Media .
Dilute culture
recycle
Harvesting
Nutrient Algae slurry (5-15% TSS)
recycle Processing
Algae cake (15-25% TSS)
Extraction
Biomass i l ] Lipids
Further processing Transesterification
Value-added bioproducts Biofuel

Figure 1. production stages of microalgae byproducts (Laamanen et al., 2016)

Table 1. Conventional Methods of Harvesting of Microalgae

Harvesting method Technique used Reference

Biological Flocculation (Ahmad et al., 2011)

Chemical Coagulation-flocculation, (Branyikova et al., 2018)
flotation




Harvesting method Technique used Reference

Sedimentation, filtration, (Drexler & Yeh, 2014)

mechanical centrifugation. flotation (Milledge & Heaven,
gation, 2013) (Garg et al., 2012)
Electrical Electro-flocculation and (Muylaert et al., 2017)

Electrocoagulation

Among the electrical-based technologies, dielectrophoresis technique has shown
potentials as an alternative for conventional microalgae harvesting methods.
Dielectrophoresis technique have high selectivity for particles and cells manipulation.
Dielectrophoresis is a highly selective particle manipulation technique, which is based
on the motion of the dielectrically polarized particles by an inhomogeneous electric
field (LaLonde et al., 2014), resulting in opposite but equal charges on both sides of the
particle inducing a net force referred to as DEP forces. This force moves the particle to
the weak or strong electrical field region based on the polarizability of the particle
relative to the polarizability of the medium. Further explanation on the principal theory
of DEP force and governing equations are provided in chapter 2 section 2.2.1. DEP
force depends on variety of properties which are reviewed in chapter 2 section 2.2.2,

providing multi-dimensional cell analysis.

The applications of dielectrophoresis technology (DEP) has shown satisfactory
results as microalgae harvesting method, in terms of harvesting efficiency, energy
consumption, and biomass contamination (Ho et al., 2017). The continues exploration
and understating of the various factors that determine the DEP behavior of microalgae
cells led to implementation of DEP for various applications such as trapping, deflection,
concentration, sorting, and separation of microalgae. In addition to employing

innovative designs and device geometries. Figure 2 below shows the increase in the
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number of research related to the applications of DEP force to microalgae. Although of
the increased attention in harvesting of microalgae using DEP, this technology is facing
some drawbacks that limits the feasibility and applicability. The recent studies on
harvesting of microalgae using dielectrophoresis has been conducted on small micro-
scale. The small micro-scales may have high separation efficiency, but on the expense
of low throughputs (i.e., below 1 mL.h™) that are only suited for handling very small
samples (i.e., bench scale). Furthermore, most of these studies showed biomass
contamination due to electrodes corrosion, or high energy requirement due the
application of electric field, and other associated issues such as increase in temperature
of the system. Therefore, further studies to enhance the operational conditions and

overcome the aforementioned drawbacks are required.
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Figure 2. Number of publications on the application of DEP force on microalage.



1.2 Research Contribution

In literature, several studies have investigated the harvesting and separation of
microalgae from water using dielectrophoretic force. Most of these studies have been
conducted on micro-scale level and focused on developing the design and structure of
microfluidic device and electrodes configuration. Other studies have investigated the
impact of electric field properties such as applied voltage and applied frequency on
particles trajectory and motion. However limited studies have addressed and solved the
problems associated with miniaturization of dielectrophoretic separation systems. The
very small sample target in the range of microliters (uL) to few milliliters, the increase
of the medium temperature leading to reducing separation efficiency, and high energy
requirement limit the process feasibility. Also, no studies have investigated the
contamination of the harvested biomass with heavy metals due to electrodes corrosion.
Therefore, this research study is investigating the harvesting of microalgae Chlorella
sp. from freshwater medium at bench-scale using titanium dioxide (TiOz) insulated
electrodes inducing DEP force. Titanium dioxide insulation is used to prevent the
accumulation of metals on the harvested biomass. Furthermore, to enhance the
harvesting efficiency of microalgae, the effect of applied voltage and interelectrode
distance on the intensity of the DEP force is investigated theoretically and proved
experimentally. Also, to achieve high separation efficiency without sample disturbance,
pulsed voltage and settling time experiments were added. The pulsed electric field is
applied to minimize joule heating effect in the reactor. The optimal experimental
conditions in terms of microalgae harvesting efficiency and energy consumption were
found, including settling time, interelectrode distance, applied voltage, applied

frequency, and pulsed DEP.



1.3 Research Objectives
The overall objective of this work is to study the harvesting efficiency of green
microalgae cells by dielectrophoretic force at a macroscale level. This is achieved by
investigating the following sub-objectives:
= To utilize a novel titanium dioxide (TiO2) insulated stainless steel electrodes
with interdigitated configuration for the separation of microalgae cells from the
harvesting medium (freshwater) at a macroscale level.
= To simulate and study the effect of applied voltage and interelectrode distance
on the intensity of DEP force.
= To study the effect of the experimental parameters including settling time,
interelectrode distance, applied voltage, pulsed DEP and applied AC current
frequency on the harvesting efficiency of microalgae cells.
= To study the feasibility of the process in terms of energy consumption and find
the optimal operating conditions in terms of harvesting efficiency and energy

consumption.



Chapter 2: Literature Review
2.1 Conventional Method for Harvesting of Microalgae
Commonly, the harvesting of microalgae takes place in doubled stages including:

1- Bulk harvesting: which is a large-scale process that aims for the separation
of microalgae biomass from the bulk medium. This stage concentrates the
biomass by 100-800 times and produce a solid slurry of 2-7%, depending
on the microalgae initial concentration and methods utilized (Laamanen et
al., 2016). The harvesting methods in this stage include flocculation,
flotation, and gravity sedimentation.

2- Thickening: this stage aims to concentrate the slurry to more paste like with
a concentration factor of 10-30 times. The methods employed in this stage
include centrifugation, filtration, and ultrasonic aggregation. This stage
requires more energy hence operational cost than the bulk harvesting
(Barros et al., 2015).

With double-stage harvesting of microalgae, the diluted cell suspension of 200-

600 mg/L can be preconcentrated to 10-50 g/L, and further treatment can reach the dry
matter content to 25% w/v (Branyikova et al., 2018). Table 2 represents a comparison
between conventional microalgae harvesting methods based on biomass recovery %
and dry mass content after harvesting. The mentioned conventional methods often
suffers from high energy consumption, long processing time and biomass
contamination (Li et al., 2019; Whitton et al., 2015). Therefore, development of a
harvesting process with high recovery of microalgae biomass, low energy consumption,

with no byproducts produced is required to be considered for larger scale applications.



Table 2. Comparison Between Conventional Microalgae Harvesting Methods (Branyikova et al., 2018; Cheruvu et al., 2016; Laamanen
et al., 2016; Milledge & Heaven, 2013).

Recovery Dry solid content Energy
Method Advantages Drawbacks
% after harvesting %  requirement
. — : Energy intensive. Cell
Centrifugation > 90 12 - 22 0.5 kWh/kg No che.mlcals. ngh dry solid content. composition changes. High
High biomass quality. )
investment cost.
Cost effective. Suitable for bulk : : I
Gravity harvesting stage. Low energy Time requirement Ce
. . 10-90 05-3 0.1 kWh/m3 . ' composition changes. Algal
sedimentation requirement. Low cost of subsequent . ifi
stages species specific.
Flotation 5090 3.6 _ Va_rlous options _of filters. Reliable. Electrical flotation: electr_ode
Suitable for fragile cells. replacement, energy requirement.
70-90 0.169 Suitable for shear sensitive algae. No  Membrane fouling and cleaning.
Filtration UF and 5-27 kWh/kg of  chemicals. No contamination of the Operational cost for membranes
MF ~ 100 dry biomass biomass. Ability for reuse of medium. and pumps.
Electrical flocculation: energy
. requirement. Cell composition
Flocculation Low energy .
. . : changes. Electrode fouling.
and > 90 2-7 required for  Economically feasible .
. o Flocculant cost. Chemical
coagulation slow mixing . ;
flocculation: potential
contamination.
Electrical- Applicable to all microalaal species Requires metal electrodes.
based 80-95 . Very high PP . gal sp ' Biomass contamination. Energy
No chemicals. . i
methods intensive.
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2.1.1 Filtration

Filtration method employs a permeable separator for the separation of
microalgae from water (Mata et al., 2010). Commonly, the driving force for the
filtration process of microalgae is pressure or vacuum. Depending on the characteristics
of the permeable separator such as pore size, most microalgae cells are retained while
some cells might pass with the fluid into the filtrate (Muylaert et al., 2017). The choice
of the permeable separator depends mainly on the microalgae cell size or molecular
weight (Drexler & Yeh, 2014). The most studied and applied separators are the
membranes such as microfiltration (pore size 0.1 — 10 um), and ultrafiltration (pore size
0.001 — 0.10 pm) (Mustafa et al., 2014). Microfiltration membrane is used for larger
microalgae cells (pore size > 10 um) (Drexler & Yeh, 2014). Microfiltration and
ultrafiltration membranes are more suitable for small scale applications (Mata et al.,
2010). Another type of filtration is the screening of larger sized algae such as
Cyanobacteria Spirulina (1-10 um) (Carmichael et al., 2000). Screens are utilized to
harvest algae in situ and are usually fabricated of nylon. Table 3 summarizes the studies

on harvesting of microalgae using filtration processes.

Table 3. Summary of The Studies on Harvesting of Microalgae Using Filtration

Processes.
Filtration

Filter Microalgae  Conditions Efficiency Reference
process

BC=3.7x
Pressure Ultrafiltration Phaeodactyl 106 cells/L C_:oncentra (Rios et
filtration membrane um t harvesting = tion factor al., 2012)
tricornutum 9 =10 K

1h
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Filtration

Filter Microalgae ~ Conditions Efficiency Reference
process
Pressure Submerged Chlorella pH :_8'5 HarvSsted (Bilad et
e A . BC=041 TSS=98
filtration microfiltration vulgaris 0 al., 2012)
g dry Weight/L %
vacuum non-precoat Coelastrum Harvested (Molina
filtration  acuum proboscideu . TSS=18 Grimaet
drum filter m % al., 2003)
\Vacuum Coelastrum Harvested (Molina
filtration suction filter ~ proboscideu . TSS=8 Grima et
m % al., 2003)

2.1.2 Centrifugation

Centrifugation is a gravity-based technology, and it is considered as the most
robust, conventional, and widely used technology for harvesting of microalgae (Xia et
al., 2017). The types of industrial centrifuges used depend on the biomass solid content
in the water medium (Muylaert et al., 2017). For mediums with small biomass solid in
the range of 0.01 — 20 %, disc bowel centrifuges are used. While for larger solids
content from 10 — 50%, decanter centrifuges are used (Milledge & Heaven, 2013).
Other types of centrifuges are disk-stack, nozzle discharge , and continuous flow
centrifuges (Barros et al., 2015). Centrifugation is usually employed in the thickening
stage of microalgae harvesting after flocculation, sedimentation, flotation, or membrane
filtration, due to its ability to produce thick paste with high dry solid content. Table 4
summarizes the studies on harvesting of microalgae using centrifugation process.
Centrifugation is considered the most energy requiring harvesting method with an

energy consumption of approx. 3000 kWh/t (Xia et al., 2017).
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Table 4. Summary of The Studies on Harvesting of Microalgae Using Centrifugation

Processes.
Microalgae Centrifuge Efficiency Reference
type
Scenedesmus sp. and Disk-stack Concentration (Molina Grima

Coelastrum proboscideum factor =120 et al., 2003)

Continuous  Resulting TSS = (Dassey &

Nannochloropsis sp. flow 9 Theegala, 2013)

2.1.3 Coagulation - flocculation

Coagulation-flocculation methods is based on destabilizing microalgae cells
suspended in water by neutralizing their negative surface charge and overcoming the
electrostatic repulsion forces (Branyikova et al., 2018). Then allowing Van der Waals
forces to attract and aggregate cells together and form larger flocs by the addition of
flocculants (Mata et al., 2010). The coagulation-flocculation can be chemical using
inorganic or organic agents, alkaline flocculation, bio-flocculation using
microorganisms, or electrolytic flocculation (Xia et al., 2017). The most widely used
coagulants are the inorganic metal salts such as Al>(SOs)3 and FeClz (Muylaert et al.,
2017). Chitosan is used as an organic coagulant due to its abundance in nature and its
strong ability for charge neutralization (Ahmad et al., 2011). Bio-flocculation is when
some microalgae tend to flocculate spontaneously, or with presence of other
microorganisms (Muylaert et al., 2017). Another form is auto-flocculation, which is
based on pH changes induced by the precipitation of materials in water medium or by
the microalgae surface changes (Laamanen et al., 2016). The increase in the pH of the
medium will result in rapid aggregation of algae cells. This methods assist in easing the

separation of these flocs by filtration or gravitational sedimentation and minimizing the
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energy required for the subsequent stages (Molina Grima et al., 2003). Table 5
summarizes the studies on harvesting of microalgae using coagulation-flocculation
processes. Coagulation-flocculation method combined with sedimentation or flotation
is considered the most economic feasible bulk harvesting method (Brennan & Owende,

2010).

Table 5. Summary of the Studies on Harvesting of Microalgae Using Coagulation-

Flocculation Processes.

Method Coagulant  Microalgae Conditions  Efficiency  Reference
pH 6.0
. CD=30 (Rashid et
Chemical — yiosan  Chlorella oo 92 % al., 2013)
coagulation vulgaris o
t harvesting —
10 min
pH=5.9
CD=0.27
. Phaeodactylu  kg/Kg biomass (Sirin et al.,
chemical  Al(s0)s  m BC = 83 % 2012)
g tricornutum 104.62 mg
dry weight
pH =8.4
I=133A
Electro- . B (Lee etal.,
flocculatio Tetraselmins - CD 5 100 5744 2013)
0 sp. A/m
t harvesting =
5.75 min
pH =10.8
Auto- oH BC=05g (Vandamm
. . Chlorella eetal,
flocculatio  adjustment vuloaris dry weight/L. 98 2012)
n NaOH g CD=9
_ mg/g biomass
Bio- Aspergillu  Chlorella pH = 4'5_'7 (Zhou et al.,
flocculatio . t harvesting = 97 %
S oryzae vulgaris 2013)
n 3 days
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2.1.4 Sedimentation or gravity settling

This method depends on the gravitational force to settle the microalgae particles
and form concentrated slurry and an almost clear water medium (Pragya et al., 2013).
Sedimentation is achieved using settling tanks such as inclined settlers or lamella
separators which consist of a series of stacked plates (Muylaert et al., 2017).
Sedimentation rate of microalgae depends on their cell size and the difference in cell
density compared to the medium. the average microalgae cell size is less than 20 um
and the density of the cell is in the range 1.0 — 1.2 kg/m?, therefore microalgae cells
have very low settling rate of 1 cm/h (Milledge & Heaven, 2013). Sedimentation is
usually employed for the bulk harvesting of microalgae because it produces dilute
biomass slurry to an extent (Branyikova et al., 2018). Therefore, sedimentation is
usually coupled with centrifugation, filtration, and mostly flocculation (Laamanen et
al., 2016). Table 6 summarizes the studies on harvesting of microalgae using

sedimentation process.

Table 6. Summary of The Studies on Harvesting of Microalgae Using Sedimentation

Processes.

Microalgae  Method Conditions Recovery  Reference
The density of which

Chlorella Gravity varied between 0.620 and 60 % (Ras et al.,

vulgaris sedimentation  0.820 OD at 685 nm, t ° 2011)
harvesting =1lh

Chlorella Flocculation ;lg/L O_f A_‘Izl(%?]“);n q 60 % (Papazi et

minutissima ~ followed by harvesting = =-9 T ° al., 2010)

sedimentation Z1C12 Uharvesting = 6 1

2.1.5 Flotation
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Flotation utilizes dispersed micro-air bubbles to attach to the cells and destabilize
them hence cause them to rise and concentrate at the surface (Wang et al., 2008).
Flotation method usually does not require the addition of chemicals however this result
in low separation efficiency of 10% (Teixeira & Rosa, 2006). Therefore, coagulants are
added to destabilize microalgae surface cells, which have negative surface charge
(Wiley et al., 2009). The addition of coagulants will neutralize the surface and make
the cells more hydrophobic resulting in flotations of the cells on the surface of the
medium, hence increase the harvesting efficiency. The hydrophobicity of microalgae
cells hence the harvesting efficiency increase with increasing the coagulant
concentration (Garg et al., 2012). The common flotation types are dispersed air flotation
(DiAF), dissolved air flotation (DAF), and electrolytic flotation (EF) (Laamanen et al.,
2016). DiAF is the introduction of air by a diffuser such as agitator or porous medium
(Uduman et al., 2010). The main limitation of using DiAF is the large bubble size which
reduces the harvesting efficiency of microalgae (Hanotu et al., 2012). DAF depends on
reusing the water medium which has been through the separation process. This water
is pressurized to 400-650 kPa then depressurizing back to atmospheric pressure,
consequently releasing air bubbles (Jarvis et al., 2009). EF is the process where the
electrodes dissolves and forms coagulants that destabilize the microalgae hence form
flocs. These flocs adhere with the air bubbles generated with electrodes dissolving and
cause the microalgae flocs to float (J. Kim et al., 2012). Table 7 below summarizes the
studies on harvesting of microalgae using different types of flotation process. Flotation
has potential for more efficient separation compared to sedimentation (Edzwald, 1993),
due to the tendency of microalgae cells to float rather than to precipitate (Phoochinda

& White, 2003). The main drawbacks of flotation methods is the difficulties in process
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engineering mainly at larger scale, and the limiting evidence of the technical and

economic feasibility of the method (Laamanen et al., 2016).

Table 7. Summary of The Studies on Harvesting of Microalgae Using Flotation

Processes.
Flotation
Flotation
Microalgae Coagulant  time Removal Reference
type
(min)
Chiorella (Henderson
dissolved  wvulgaris (5x10°  Al2(SO4)s 10 94.8 % tal. 2010
air flotation - 5x10* (4.3 pg/cell) 8%  etal, 2010)
cells/mL)
Scenedesmus Cetyltrimeth (Y. M.
dispersed quadricauda ylammoniu Chenetal.,
: . 4 : 20 90 %
air flotation (7.4x10 m bromide 1998)
cells/mL) (40 mg/L)
Microcystis
electrolytic aeruginosa Aluminum (Gao et al.,
flotation (0.55 - electrode (1 100 % 2010)
1.55x10° mA/cm?)
cells/L)

2.1.6 Electrolytic methods

Electrocoagulation is a pretreatment process for the harvesting of microalgae
from water and wastewater (Shi et al., 2017). It was reported that EC is highly efficient
process compared to chemical coagulation and flocculation in terms of removal rate
and operation simplicity (Fayad et al., 2017). The mechanism of harvesting of
microalgae using EC consists of 1) metal ions dissolution from the electrodes due to
the passage of current hence forming coagulants, 2) these ions destabilized the particles
suspended in the aqueous medium by reducing the zeta potential 3) neutralization of

the surface charge of the particles by flocs formation, 4) and finally removal of the flocs
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by flotation or settling (Emamjomeh & Sivakumar, 2009). The energy consumption
using EC process was satisfactory compared to centrifugation. The energy consumption
of EC is approximately 0.3 to 2 kWh kg, depending on the medium (Vandamme et
al., 2011). This suggests that is favorable and attractive method for harvesting of
microalgae. However, this might be a limitation facing the scaling up of the process
due to the increased energy requirement (Khatib et al., 2021). Another electrolytic
method is the introduction of DEP force to existing technologies such as
electrocoagulation. DEP force was introduced in EC process and showed improved
process efficiency in terms of removal of particles, electrodes corrosion and energy
consumption compared to the conventional EC process without DEP (Hawari,
Alkhatib, Das, et al., 2020). Another electrolytic method is electrophoresis where with
application of the electric field, water electrolysis occurs, and hydrogen bubbles are
generated. These bubbles stick to the negatively charged algae cells and form flocs
which float on the water surface. Electrophoresis technique is similar to the electrical

flotation but without the dissolution of metal coagulants (Pragya et al., 2013).

Table 8. Summary of The Studies on Harvesting of Microalgae Using Electrical-Based

Processes.
Optimum
Microalgae Removal
Electrodes electric field References
properties efficiency
properties
Tetraselmis sp. pair of flat DC Tetraselmis (Uduman
and sheet stainless u=10V sp. = 99% etal.,
Chlorococcum t harvesting = 900  Chlorococcum 2011)
steel electrodes _
sp. sec sp. = 98%
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Optimum

Microalgae Removal
Electrodes electric field References
properties efficiency
properties
DC
{ harvesting = 10 (Shl etal.,
\(/:uhlgﬁ!a Al electrodes ~ min 98% 2017)
1=2.2,4.4,
6.7 mA/cm?
DC
i 1=2.9,4.8,
Nannochloropsis Al electrodes 6.7 mA/cm?  up to 99% (Fayad et
sp. al., 2017)
t harvesting = 60
min
asymmetric AC-DEP H .

: cylindrical | =7.1 mA/cm? (Hawari,
Tetraselmis sp. aluminum t - ~10 96.4% Alkhatib,
(C= 300 mg/L) _ harvesting 70 Das, et al.,

electrode (d= minutes 2020)

25and4.5cm) f=50Hz

array of 8

cylindrical IDE AC-DEP .
Tetraselmis sp.  configuration | =20 mA/cm?  96.18% (Irhggglet

(d=25mm,s= T =10 minutes a )

1cm)

2.2 Principles of Dielectrophoresis

2.2.1 Theory

Generally, dielectrophoresis is defined as the motion of charged or uncharged
particles in a nonuniform electric field (Cetin & Li, 2011). When a particle undergoes
an electric field, the particle will polarize meaning that the positive and negative
charges distribute on the opposite sides of the particles. Coulomb forces are experienced
by the particles due to the electric field and have the same magnitude but opposite

charges. In the case of uniform electric field, the net force is zero, hence no particle
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movement (Pethig, 2017a). However, when the electric field is nonuniform, the
Coulomb forces on the particle edges are not equal hence the particle will carry a net
force (Lewpiriyawong & Yang, 2014). Consequently, dielectrophoretic force will rise
and the particle will move (Pethig, 2017b). The time-averaged DEP force experienced
by a spherical particle in an inhomogeneous electric field is given as (Wei et al., 2009;
Zhang et al., 2019):

Fpep = 2Ty r® Re [Kem] V |Erms|2 (1)

Where r is the particle radius, em is medium permittivity, V |E,.,s|? is the root mean
square of the inhomogeneous electric field gradient, and Re [Kcwm] is the real part of
Calusius-Massotti (CM) factor (Hawkins et al., 2020; Honegger et al., 2011). At high
frequencies, the real part of CM factor depends on the permittivity of a particle g in

relative to the permittivity of the medium em, and given as (Ozuna-Chacon et al., 2008):

g, — & 5 JjOm 5 Jjop (2)
Key = u, here¢,=¢, ——— and§, = ¢, —
cM <§p+2§m> WSS En = Em T R TR T,

While at low frequencies, Kcwm factor depends mainly on the conductive properties of

the particle and suspending medium, and given as (Pethig, 2013):

KCM _ <0p - Gm) (3)

op+20p

Where £, and £, are the particle and medium complex permittivity respectively, which
determines how well a medium or particle will polarize when in an electric field (Kim
et al., 2019). j is the imaginary part given as j = v—1, op and om are the particle and
medium conductivity respectively, @ is the angular frequency of the electric field (Abt
et al., 2020).

When a charged particle is suspended in an electrolyte medium, charges in the

medium accumulate at the medium/particle interface, hence forming an electric double
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layer EDL around the particle (Figure 3a) (H. Zhao, 2011). The EDL consists of two
main layers: outer layer and inner layer. The outer layer named as the diffuse layer
which is a charge cloud at which the diffusion force balances the counter-charge
attraction force. While the inner layer named as stern layer in which a tight attachment
is occurring between the positive charges and the colloidal particles negative surface
(Ramos et al., 2016). The net force exerted on the particle is zero and particle is
suspended in the medium. With the application of electric field, migration and
convection of the charges in the EDL cause polarization of the particle or the medium
(H. Zhao, 2011). This phenomena is named as Maxwell-Wagner interfacial polarization
(Cetin & Li, 2011). This interfacial polarization depends on the relative permittivity of
the particle in the medium, and in turn determines the type of DEP force (negative or
positive) and the direction (Mukaibo et al., 2018). When the permittivity of the medium
is higher than the permittivity of the particle -meaning that total charges on the medium
side of the interface is higher, hence medium is more polarizable than the particle- the
particle experience nDEP with a direction toward weaker electric field region (Figure
3b). While when the permittivity of the particle is higher than that of the medium -
meaning that total charges on the particles side of the interface is larger, hence particle
is more polarizable than the medium- the particle experience pDEP and moves toward
the stronger electric field region (Figure 3b) (S. Molla & Bhattacharjee, 2007). The real
part of Kcwm factor ranges from —0.5 to 1. From Equation 1, when particle experiences
pDEP Kcm > 0, and when particle is experiencing nDEP Kecm < 0 (Kim et al., 2019). In
cases where the particle permittivity is equal to the medium permittivity (Kcm = 0), the
particle experiences no polarization and zero DEP force, and the frequency at which

this occurs is called the cross-over frequency (Alnaimat et al., 2020). Particle motion
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in continuous flows is affected by the hydrodynamic drag from the surrounding fluid
flow and gravitational force and their effect increase with particle’s diameter.
Therefore, DEP force should overcome other forces to induce particle motion (Jubery
et al., 2014), and that requires a threshold of electric field to be applied depending on
particle’s diameter. The magnitude of DEP force depends on the size of the particle,
and the amplitude and frequency of the electrical signals (Yanjuan Wang et al., 2018),
which is discussed in next sections.

The models suggested to explain particles polarization behavior are the Maxwell-
Wanger-O’Konski (MWO) model and Poisson-Nernst-Planck (PNP) model. MWO
model explains the particle polarization behavior based on double layer thickness and
frequency. However, this model fails to explain the polarization behavior of particles
with thicker double layer (kx a >> 1) and at low frequencies (i.e., frequencies << cross-
over frequency fxo) (Pesch & Du, 2020). Poisson-Nernst-Planck (PNP) equations are
simplified and applied on all double layer thicknesses and in wider range of frequencies.
This model explains the particle polarization behavior based on not only the EDL
thickness and frequency, but also based on the electric field intensity and concentration
gradient (H. Zhao, 2011). Several reviews have explained the mathematical and
numerical models for particles polarization, and for calculation of the DEP force acting
on spherical and non-spherical, biological and non-biological particles. The reader is
referred to these reviews for more thorough explanation (Jubery et al., 2014; Pesch &

Du, 2020; Pethig, 2010, 2013, 2017b; H. Zhao, 2011).
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Figure 3. polarization behavior of a dielectric particles (Pesch & Du, 2020).

2.2.2 Factors affecting the dielectrophoretic separation

2.2.2.1 Polarization behavior of particles and cells

In aquatic dispersions, usually the medium (e.g., water or wastewater) has a very
higher permittivity while suspended particles (e.g., cells, colloids, and solutes) have
lower permittivity. Such differences in the permittivity of the medium and particles
allow for DEP motion and hence implementation (e.g., capturing, concentration,
sorting, or separation). Table 9 below represents the permittivity and conductivity of
different types of water and wastewater media, and particles and cells suspended in
these media. In this section, the polarization of conductive, non-conductive particles,
and microorganism cells under wide spectra of frequencies is reviewed.

Non-conductive colloidal particles with diameter in the range of micro- and
nano-meter show variation in DEP behavior at different frequencies and depending on
the medium conductivity (H. Zhao, 2011). Since the conductivity of the bulk particle is
low, the DEP behavior is completely dominated by the conductivity of the EDL formed
under the influence of electric field. Therefore, due to the sufficiently high conductivity

of the EDL surface (Ks) and the small particle radius (r), MWO model predicts that
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such particles show pDEP at low frequency and nDEP at high frequency, at high

medium conductivity (approx. 102 to 10 S/m). The pDEP behavior is expected at low

. . . . 2K
frequencies when the particle radius is r <

= (Pesch & Du, 2020). A thorough

Om

investigation on the polarization behavior of non-conducting particles is reviewed by
(H. Zhao, 2011). On the other hand, conducting particles (e.g., pure metals) have
permittivity higher than the permittivity of the medium. Such particles show nDEP at
low frequency up to cross-over frequency fxo, where the net polarization is zero due to
equal permittivity values of medium and particle (Midelet et al., 2019). At frequencies
higher than the cross-over frequency fxo, these conducting particles show pDEP
behavior (Ramos et al., 2016). More thorough investigation on the polarization
behavior of conducting particles is given in the review (Ramos et al., 2016).

For microorganisms, the dielectrophoretic response depends on the dielectric
properties of the cell (i.e., permittivity and conductivity of cell wall, cell membrane,
and cytoplasm). At low frequency, the DEP response of the cell is dominated by the
conductivities of the cell and the medium. The low conductivity of the cell wall and
membrane compared to the conductivity of the medium result in nDEP behavior (Gallo-
Villanueva et al., 2011). At an intermediate frequency (i.e., beyond the first cross-over
frequency fxo1), the DEP behavior is dominated by the cell cytoplasm. The cytoplasm
has higher conductivity than the medium, therefore it will polarize (reaching the
maximum polarization at fpeax) resulting in pDEP behavior. At much higher frequencies
(i.e., beyond fpeax), the DEP response of the cell is dominated by the permittivity of the
cell and the medium. The insufficient time for cytoplasmic polarization (i.e., low
permittivity) cause the pDEP to decrease, and with the high permittivity of the medium

nDEP increase and represent the DEP behavior of the cell. The frequency at which the
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pDEP decreases and nDEP increases is defined as the second cross-over frequency fxo:
(Fernandez et al., 2017).

The differences in the permittivity and the conductivity of the mediums and the
particles allow for diverse DEP responses in a wide range of electric field frequency.
Therefore, with appropriately designed DEP device and electrode configuration as will
be reviewed in next section, DEP technology could be implemented for particles

capturing, concentration, sorting, rejecting, and separation.

Table 9. Dielectric Properties of Dispersion Mediums and Cells.

Medium/ Relative Conductivity op
Reference

Particle permittivity &p (uS/m)
(S. Molla &

Water 78-80 0.05-5 Bhattacharjee, 2007; K.
Zhao & Li, 2018)
(Alkhatib et al., 2020;

229%x10° — Bakir et al., 2019; A. H.

wastewater 36-615 510x10° Hawari, Alkhatib,
Hafiz, et al., 2020)

. i 3 (Fernandez et al., 2017,
Living cell wall 60 500 - 14x10 Suehiro et al., 2003)
Livina cell (Lapizco-Encinas et al.,
e 6 0.1-0.25 2004a; Suehiro et al.,

2003)
Living cell 50 2x10° (Suehiro et al., 2003)
cytoplasm
Dead cell 1000 (Lapizco-Encinas et al.,
membrane — 2004a)

2.2.2.2 Device and electrode configuration

The efficiency of particles manipulation by DEP force is significantly influenced
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besides particle and mediums dielectric properties, by the electrode configuration and
electric field strength. Due to the importance of the design of DEP device and electrodes
configuration in inducing electric field inhomogeneity, numerous innovative device
designs and electrode geometries have surfaced in the past decade, since the first

separator invented by Pohl (Ballantyne & Holtham, 2010).

The working principle of DEP devices is based on either electrodes generating
nonuniform electric field (i.e., electrode-based DEP), or obstacles distorting a uniform
electric field to become a nonuniform field (i.e., electrodeless DEP) (Pesch & Du,
2020). In electrode-based DEP devices, bare electrodes or electrodes coated with
insulating material are used. In electrodeless DEP devices, two types of obstacles are
commonly used: insulator (iDEP) or metal (floating) obstacles (Pesch et al., 2016) to
intensify the DEP force without having to increase the voltage. These obstacles could
be used alone in the device such as in insulator based devices, or installed in between
electrically excited electrodes (Pesch & Du, 2020). Insulators and insulation of
electrodes is preferred in DEP devices to minimize electrodes corrosion, side
electrochemical reactions, short circuit effects, and elevating risk of human electric
shock of uncoated electrodes (Pesch et al., 2017). In addition, insulators retain their
functionality despite surface fouling, and could be fabricated from various materials
such as plastics or metal oxides. Using of plastics as an insulating material facilitates
the fabrication of the device to handle higher flow rates (Ozuna-Chacén et al., 2008).
DEP devices can be categorized based on sample throughput into low throughput (i.e.,

microfluidic chips pL.min™), and higher throughput (i.e., bench scale mL.h%).

In high throughput DEP system, the most common electrodes configuration
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employed is interdigitated (horizontal) configuration (IDE) and oppositely installed
(orthogonal) configuration (OPE). Figure 4 below represents the electrode
configuration of DEP systems in combined water treatment applications. In IDE
configuration, an array of electrically excited electrodes are placed opposite to each
other with finger electrodes perpendicular on them (Figure 4a). Insulator obstacles
could be placed between the finger electrodes to increase the inhomogeneity of the
electric field (Y. Wang et al., 2015). In OPE configuration, two electrodes are installed
on the two opposite sides of the system with fluid flowing in between (Figure 4b) (Y.
Wang et al., 2014). IDE configuration provide more voltage across the medium hence
intensified DEP forces compared to OPE configuration, considering identical energy
consumption rates (Y. Wang et al., 2015). Therefore, it is the most employed electrodes
configuration in water and wastewater treatment applications. The most common
electrode or insulator shapes in high throughput applications are cylindrical, square,
and circular shaped. Using square insulator at high voltage results in electric field
higher in magnitude than using cylindrical insulator hence stronger DEP force.
However, at lower voltage cylindrical insulator results in stronger electric field due to
the difficulty of distributing the weak electric field homogeneously on the corners of
the square insulator (Hawari et al., 2019; B Larbi et al., 2018). Furthermore, enlarging
the diameter of the electrode cause stronger DEP force field compared to electrodes

with smaller diameters.
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Figure 4. the design of DEP devices for high throughput applications (A. Hawari, Larbi,
Alkhatib, Du, et al., 2019) (Du et al., 2009).

In low-throughput applications, microfluidic devices are utilized. The general
structure of a microfluidic device usually consists of multiple layers; a layer of PDMS
(polydimethylsiloxane) chamber, a layer of microfluidic PDMS channels or valves, and
a third layer of microelectrodes or insulators placed on a glass substrate (Figure 5a)
(Balasubramanian et al., 2007). Electrode configuration in electrode-based microfluidic
devices that are reviewed in this paper can be categorized into external, two-
dimensional, and three-dimensional electrodes (Zhang et al., 2019). The external
electrodes are inserted into the sample inlet and outlet of the microchip, and with
application of electric field the medium containing the target particles move from the
inlet along the main channel and will be separated into different outlets (Figure 5b).
The 2D electrodes are thin-film electrodes patterned at the bottom of the channel and
based on simple fabrication methods. The most used 2D electrode configurations are
parallel interdigitated and castellated electrodes. The most used 3D electrodes are metal
electrodes and polymer electrodes (Zhang et al., 2019). In electrodeless devices,

insulator-based DEP (iDEP) are the most common in microfluidic devices with
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different insulator shapes and numbers used depending on the electric field intensity

required for the application (Figure 5e).

(a) (b)

Electrode Electrode
Outlet |

Inlet

Insulating posts

Figure 5. the designs of DEP microfluidic devices (a) external electrodes. (b) 2D-
interdigitated and castellated electrode configuration. (c) 3D polyemer electrode
configuration. (d) insulator-based microfluidic device (Yang, 2012) (Abt et al., 2020)
(Zhang et al., 2019) (Jubery et al., 2014)(Saucedo-Espinosa & Lapizco-Encinas, 2015).

2.2.2.3 Electric field properties
In addition to device design and electrodes configuration, recent studies in DEP
manipulation enhance the process efficiency by adjusting the electric field intensity.
According to equation 1, the squared electric field V |E|?is directly related to the DEP

force, thus stronger electric field result in stronger DEP force acting on the particles.
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The intensity of the electric field increases with smaller distance between electrode and
higher applied voltage. In addition to higher electric field strength around the electrodes
in direct current (DC) electric field compared to alternating current (AC), under
identical operating conditions (Yan et al., 2017) (B Larbi, Hawari, et al., 2017).
However, stronger electric field in the system correlates with increase in temperature
due to joule heating effect (Sridharan et al., 2011), thus limiting the application of DEP
in aqueous mediums (Y. Wang et al., 2015). Elevating joule heating effect induce
electrothermal flow (ACET) which is mainly due to the difference in water medium
dielectric property (i.e., mostly conductivity) (Ren & Liang, 2020). Joule heating effect
negatively impacts the viability of bioparticles and alters the physical properties of the
medium (Hawari et al., 2019). Furthermore, the electrothermal forces introduce
buoyancy forces that drives the medium and particles motion thus reducing the
efficiency of particles capturing and separation (Du et al., 2009). Medium temperature
is higher in the region near to the electrode resulting in lower fluid viscosity thus
increase particles disturbance (Lapizco-Encinas, 2018). The optimum electric field for
electrode-based devices is achieved at low voltages (approx. 10 V) and high
frequencies, while electrodeless devices require higher voltages (approx. 1000 V) with
application of DC, or low frequency with application of AC (Pesch & Du, 2020).
According to (Hawari et al., 2015) sufficient DEP force is generated with application
of high voltage, and lower energy is required with application of low frequency in

electrode-based devices.

Using insulation of the electrodes leads to reducing the electric field intensity hence
reducing the induced DEP force. Therefore, the thickness of the insulation film must be

decreased. As the thickness of the insulation film decrease, greater high-pass-filter
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effect (HPF) is developed. HPF allows only signals with high frequency to pass through
the system (F. Du et al., 2009; F Du et al., 2013). Therefore, thinner insulation results
in passing high critical frequency (fer), thus the voltage fraction (voltage across the
medium Un/applied voltage Uo) will increase leading to stronger DEP forces in the
medium (Lapizco-Encinas, 2018). Using the metal (floating) electrode result in lower
electric field compared to insulator obstacles. This is mainly due to more homogenous
distribution of DEP forces in larger regions generated by insulator obstacles compared

to metal floating metal electrodes (Fei Du et al., 2018).

2.3 Challenges of Dielectrophoretic Separation of Particles

Medium dielectric properties are the major challenge of dielectrophoretic
separation of particles, due to its significancy in determining the magnitude and
direction of the force hence target particle. A suitable medium for dielectrophoresis
would be with a variable permittivity, low conductivity, and a high break-down
threshold which is also safe and environmentally friendly. Water is an appropriate
liquid medium to be utilized in DEP applications due to its economic feasibility and
importance. However, due to the very high permittivity of water, the presence of
dissolved ions that increase the conductivity, electrolysis of water that generates the
turbulence, and consequently increasing in the energy requirement, applications of DEP
in water are limited. (Ballantyne & Holtham, 2010) suggested that the high permittivity
of water medium could be solved by changing the ratio of low permittivity and high
permittivity liquids (i.e., mixing proportions of polar alcohols with non-polar
hydrocarbons). However, water is immiscible with most hydrocarbons that can be used

to lower the permittivity. In addition, these chemicals added should be safe,
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environmentally friendly, and most importantly do not impact the target particles.

Most DEP-based studies show high selectivity and efficient particle trapping
capabilities at the expense of low throughputs (i.e., below 1 mL.h™Y) that are only suited
for handling very small samples (i.e., bench scale). A low throughput combined with a
high selectivity is one of the general characteristics of contemporary DEP devices.
Hence, to treat samples of preparative or industrial quantities, it is necessary to increase
the throughput of DEP devices significantly. Increasing the throughput requires
scaling-up the traditional DEP devices which in turn requires increasing the device
dimensions, especially microfluidic channels size. However, knowing that the DEP
acting on a particle decreases exponentially with increasing distance between the
electrodes or from the insulating structures, therefore, the separation efficiency will
decrease with increasing the device dimensions (Pesch et al., 2018). Consequently,
scaling-up and increasing the throughput in traditional DEP devices will affect the
separation efficiency (Lorenz et al., 2020). Electrodes fouling caused by high density
of particles that experience pDEP after some time of continuous operation is an
additional drawback. Electrodes fouling takes place particularly with application of

high voltages and using bare metal electrodes.

In order to achieve more efficient treatment, particle separation techniques need
to be capable of simultaneous manipulation of multiple particles especially particles
with similar properties (e.g., diameter, permittivity, conductivity). The major drawback
in dielectrophoretic separation is its ability to exert only pDEP and/or nDEP at a certain
stage, thereby separating no more than two particle types at each stage. This shows the

demand for a simultaneous multi-particle separation (Fernandez et al., 2017)
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Joule heating effect generated from the application of AC or DC high electric
field intensity is a major drawback (Calero et al., 2019). To overcome joule heating
effect and impreove separation efficiecny, (Jubery et al., 2014) suugested the
combination of electric conditions, such as AC and DC or the contactless DEP
technique (cDEP). Because joule heating lead to decrease in the process performance
at a certain threshold, a method to ehance the DEP selectivity and separation efficiency
would be employing DEP field flow fractionation (DEP-FFF). DEP-FFF is a new
variation of DEP technique which utilizes levitation and gravitational forces for
separating the target particles. Another solution to overcome the joule heating problems
even with application of high voltages is scaling-up DEP systems (Y. Wang et al.,
2015).

Cell viability in another challenge of DEP separation of microorganisms. With
the polarization of cells under the effect of a low frequency electric field, the cell
membrane endures the electric field applied to the cell and shield the cytoplasm of
getting polarized. Thus, the long duration of exposure to the electric field might lead to
cell death depending on the conditions (Lalonde et al., 2015). A thourough investigation
on the cell viability under electric field is found in the references (V. Wei et al.,
2011)(Gallo-Villanueva et al., 2011) (Larbi, Ltaief, Hawari, Du, et al., 2017) (Lalonde

etal., 2015).

2.4 Previous Studies on Harvesting of Microalgae by Dielectrophoretic Force
Several studies have investigated the harvesting of microalgae from water
medium by dielectrophoretic force. Table 10 provides a summary on the studies of

harvesting of microalgae using DEP microfluidic devices, and comparison in terms of
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device design and separation efficiency. (Abt et al., 2020) reviewed 16 publications and
studied DEP microfluidic devices categorized based on working principle and based on
application type. Kumar et al., (2017) studied the dielectrophoretic response of green
alga Coscinodiscus wailesii suspended in sterile seawater containing medium, in order
to provide better knowledge on the impact of DEP force on the cells for water treatment
applications. The microfluidic device consisted of an array of planar parallel surface
gold electrodes with interdigitated configuration placed on both sides of the channel.
The target microalgae cells were trapped easily to the side of the channel due to weaker
fluid flow on the broadened sides of the channel and moved toward the electrode
surface by pDEP. It was observed that microalgae displacement (um) and velocity (in
pum/sec) increased with increasing the applied voltage. While with applied frequency,
the displacement and velocity of the cells reached the maximum at 10 kHz and
decreased at higher frequencies. The low cell displacement and velocity at frequencies
below 10 kHz is due to the high conductivity and salinity of the medium leading to air
bubbles formation and sample disruption. The DEP force profile of microalgae cells
was also studied, and it was found that the cells experience 4 times the magnitude of
DEP force at the maximum applied voltage. On the other hand, the DEP force profile
decreases at frequencies below the resonant frequency of 10 kHz and increase at the
higher frequencies. This is due to the polarization behavior of the cells where at
frequencies lower than 10 kHz, the time needed for the dipoles to charge/discharge is
longer thus higher magnitude of DEP force exerted on the cells. The dielectrophoretic
behavior of the green alga Tetraselmis sp was analyzed by application of traveling wave
electric field to generate traveling wave DEP (twDEP), then used to estimate the

dielectric properties of the cells (Bunthawin et al., 2012). Microelectrodes coated and
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with IDE configuration were used. The green algal cells were cultured in artificial
seawater medium. The results showed that as the medium conductivity increased the
critical frequency was shifted towards higher frequency, while cell velocity spectrum
was decreased significantly. At frequency range of 50 kHz - 0.5 MHz, the microalgae
cells experienced pDEP, when increasing medium conductivity from 0.01 to 0.1 S.m-
1. While at frequency range of 20 - 48 kHz, cells experienced twDEP with increasing
medium conductivity from 0.01 to 0.37 S.m-1.

The effect of the structure of microfluidic chip and electric field parameters on
microalgae separation efficiency was investigated. The capture and chaining efficiency
of the green alga Chlamydomonas reinhardti and other phytoplankton cells suspended
in freshwater using DEP microfluid chip was investigated (Siebman et al., 2017). A
point needle electrodes configuration was used to collect and align cells in 2D structure.
The chaining efficiency of microalgae increased with increasing the applied electric
field intensity, applied frequency, and cell concentration. However, increasing the AC
field duration for more than 5 minutes has no significant effect on the changing
efficiency due to the low effective polarizability of microalgae. A maximum chaining
efficiency of 80% of green microalgae was reached. Similar study was conducted by
(Suscillon et al., 2013) for the capture of microalgae suspended in freshwater. Coplanar
electrodes with parallels surface structure were used to collect and align cells in 1D
arrays. The highest chaining efficiency of Chlamydomonas reinhardti achieved was
43% and 47.8 % suspended in freshwater from Geneva Lake and Laconnex Pond,
respectively. It was found that increasing the electric field intensity, applied frequency,
and AC field application duration result in significant increase in cell chaining

efficiency. Moreover, no microalgae chains were formed at applied frequency lower
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than 200 Hz, and disruption of cell chains was observed with applied frequency lower
than 100 Hz. This is due to the AC electroosmosis fluid flow where the applied potential
between the electrodes generates fluid flow which in turn disrupted the chain formation.
The efficiency of cell chaining in freshwater samples (e.g., lake, pond, and river) was
significantly affected by the chemical composition of the media and to some extent by
the conductivity of the cells suspensions. Another study conducted by (Yanjuan Wang
et al., 2018) on the on-site pretreatment of marine microalgae in ship’s ballast water. A
planar parallel surface gold electrode with interdigitated configuration was used for the
continuous separation of microalgae Platymonas and Closterium microalgae. It was
found that the triangular insulating structures between the electrodes increased the
gradient of electric field intensity therefore, the two microalgae species in addition to
polystyrene particles was efficiently separated into 3 different outlets. The DEP forces
experienced by the two species of microalgae cells increased with the increase of the
frequency of electric field. Closterium cells experienced nDEP at lower frequency and
pDEP at higher frequency (higher than 1 MHz), while Platymonas cells experienced
nDEP at all applied frequencies. It was also proved that increasing the amplitude of the
applied voltage enhanced the separation, however further increasing in the applied
voltage (more than 15 V) resulted in Platymonas cells to be mixed with the polystyrene
particles and joule heating effect to be generated. Also, better separation efficiency was
achieved with intermediate flow velocity of 0.01 mL/min. A maximum microalgae cells
separation efficiency of 90% was achieved. Another study utilized planar parallel
surface electrodes conducted by (Bahi et al., 2011), for the entrapment of marine
microalgae Karenia brevis, in order to reach concentration enrichment of cells for RNA

extraction and purification. The electrode configuration was interdigitated where arrays
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of platinum electrodes placed facing each other. The interdigitated electrode
configuration is efficient for DEP based cell trapping due to strong electric field

generated which attract cells through a pDEP force.
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Table 10. Summary of the Studies in Dielectrophoretic Separation of Microalgae Cells from Water Using Microfluidic Devices.

Medium and algae  Device structure Electric Chaining Reference
species field @ efficiency
C. reinhardtii Microfluidic chamber (d = 350 um), coplanar electrodes (Au, s=2  AC-DEP (Siebman et
(C =3x10° mm) E=25 80 % al., 2017)
cells-mLY) V.mm? Done
f =500
kHz
t=5min
C. reinhardtii Microfluidic chamber (d =250 pum), 2 coplanar parallel electrodes ~ AC-DEP 43-47.8%  (Suscillon et
(Au, s =2 mm) E=20 al., 2013)
V.mm? done
f=1kHz
t=600s
Coscinodiscus Microfluidic channel (PDMS, d= 125 um, h= 250 pm), AC-DEP - (Kumar et al.,
wailesii microelectrodes with IDE configuration (Au, d = 250 pm, s= 750 u=10V 2017)
wm) f=10 kHz Done
t =60 sec
Karenia brevis Glass slide, Pt castellated interdigitated electrodes, gap between u=1vVv _ (Bahi et al.,
micro-electrodes were 20 um f=0.2 2011)
MHz
V=0
ul-s7!

& The electric field applied to obtain the maximum DEP force, hence maximum concentration and separation.



Medium and algae ~ Device structure Electric Chaining Reference
species field @ efficiency
E =100,
Selenastrum Two chamb_ers wit_h diffe_rent_posts dimensions (4_170_and 520 ym), 800 and (Qallo-
capricornutum array of 32 insulating cylindrical posts arranged in eight columns 2500 V/icm Villanueva et
and four rows f=0 al., 2011)
Microchip (PDMS, ITO conductive layer), parallel IDE electrodes = AC-DEP (Yanjuan
Platymonas and (Ag-PDMS mixture): a 3D rectangular electrode (L= 1900 um, w= U=10V Wanj ot al
Closterium cellsin 2000 um), and 8 discrete strip electrodes with sharp angles (w= f.: 30MHz 2018? N
ballast water 100 pm, s= 100 um), separated by a 3D triangular insulated hurdle  V=10.01 D
. one
structure (d= 30 um). ml/min
U=15-
14 Vpp
Tetraselmis sp Microchip (L= 750 pum), octa-pairs microelectrode array with IDE~ f=5Hz-4 (Bunthawin et
' configuration (w = 50 um) coated (Au, d = 0.5 um) MHz — al., 2012)
V=24
ul-s™!

& The electric field applied to obtain the maximum DEP force, hence maximum concentration and separation.
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Chapter 3: Materials and Methods
3.1 Cultivation of Microalgal Species (Chlorella Sp.)

Freshwater Chlorella sp. was collected from Qatar University Culture
Collection of Cyanobacteria and Microalgae (QUCCCM). Chlorella sp. is a green
microalga (unicellular) with cell size 2-8 um. Figure 6 shows a microscopic image of
the Chlorella sp. microalga. Initially, colonies of Chlorella sp. cells were taken from
an agar plate and added to a 100 mL growth media in a 250 mL flask. The flask was
transferred into an orbital shaker maintained at 120 rpm and 25 °C. The light intensity
on the flask was 100 pmol E/m?/s, and the light: dark period was maintained for
12h:12h. After 7 days of growth, this flask culture was transferred to a 1L glass PBR
(8 cm dia). Air was sparged, at a rate 0.5 v/v/m, at the bottom of the PBR to provide
sufficient mixing. Cool fluorescent lighting was used to provide a light intensity of 600
umol E/m?/s. After 7 days, the PBR culture was transferred to a 10 L plastic PBR and
mixed with 9 L of growth media. The light intensity and the air mixing for the 10 L
PBR were the same as used for the 1 L PBR. Autoclaved growth media was used for
the flask and 1 L PBR growth. However, the freshwater used for the 10 L PBR was
sterilized using 5 mL commercial bleach (15% chlorine). For all the cultivation, 78
mg/L urea and 10 mg/L sodium phosphate were used as sources of Nitrogen and
Phosphorus, respectively, whereas all other nutrients had the same BG-11 media
concentrations. The PBR cultures were periodically monitored for possible
contamination by other microalgae/cyanobacteria. After 10 days of growth in the plastic
PBR, the culture was used for the harvesting experiment. Figure 7 shows the microalgae
samples suspended in freshwater. Table 11 below summarizes the characteristics and

dielectric properties of the microalgae Chlorella sp. Cells and the medium suspension.

40



Figure 6. (a) Microalage suspended in freshwater medium and (b) microscopic image
of the microalga Chlorella sp. Cells.

Table 11. Carcteristics and Dielectric Properties of The Microlagae Chlorella Sp. Cells
and the Medium (Fernandez et al., 2017; Suehiro et al., 2003).

Microalgae category green algae (unicellular)
Stain name Chlorella sp.

Cell size 2-8um

Cell conductivity op 80 — 500 puS/cm

Cell wall permittivity &p 60

Cell cytoplasm permittivity €p 50

Conductivity of freshwater and microalgae mixture om 1-5 pS/cm

Relative medium permittivity em 78.4-80

Zeta potential d { —2.03x 1072V

Double layer thickness 3.00x 10?m

3.2 Experimental Setup

The experimental runs were conducted in a macroscale glass tube (length: 8 cm
— diameter: 2.5 cm). Each tube contained 40 ml of the sample with a microalgae
concentration of 103 + 2 ppm. The harvesting of microalgae using DEP force was
evaluated using two symmetrical aluminum electrodes (diameter: 0.2 cm - length: 12.4
cm - effective surface area: 0.63 cm?). The electrodes were coated with 200 nm thin

film insulating layer of hydrophobic titanium dioxide (TiO., rutile) in order to prevent
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the contamination of the harvested algae sample by the electrode material. Titanium is
preferred as an insulation film due to its high biocompatibility, specific strength,
and corrosion resistance. Insulation of the electrodes was done by low atmospheric
pressure chemical vapor disposition (CVD) technique. The electrodes were connected
to an alternating current high pulse voltage generator (G2000, Redline Technologies,
Baesweiler, Germany). The voltage and current were measured using an oscilloscope
(MDO03024, Tektronix, Oregon, US). A peristaltic pump (FPU5-MT, OMEGAFLEX,
PA, US) was used to collect the sample after the experiment. The temperature and pH
were measured using multimeter (PCD650, OAKTON, US). The absorbance was
measured with UV-VIS spectrophotometer (ORION AQUAMATE 8000, Thermo
SCIENTIFIC, US) at wavelength of 750 nm. An overview of the experimental setup is

illustrated as a sketch in Figure 8 and as picture in Figure 9.

AC generator oscilloscope
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Figure 7. A schematic sketch for the bench-scale experimental setup.
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Oscilloscope

Voltage
generator

Microalgae sample Electrodes

Figure 8. A picture for the bench-scale experimental setup.

3.3 Experimental Method

First, the microalgae sample was characterized by measuring the absorbance, pH
and temperature using the spectrophotometer and multimeter. All experiments were
carried out at an ambient temperature of 23 °C, and pH of 6.0 £0.2. Second, the stability
of the microalgae sample was tested by monitoring the settlement of the cells over time
without applying electrical field. Third, the effect of settling time, interelectrode
distance, applied voltage, and frequency were evaluated. Settling time of 0, 10, 30, 60
and 90 minutes were investigated at an interelectrode distance of 6 mm, voltage of 200
V and frequency of 150 kHz after 15 minutes application of DEP. Three interelectrode
distances of 4 mm, 6 mm and 8 mm were evaluated at an applied voltage of 200 V and
frequency of 250 kHz. Three different applied voltage values of 100, 150 and 200 V
were studied at an interelectrode distance of 6 mm and frequency of 250 kHz. The effect
of applied current frequency 50 Hz, 100, 150, 200, and 250 kHz were evaluated at an
interelectrode distance of 6 mm, applied voltage of 200 V, and DEP application time

of 20 minutes. The temperature and pH of the microalgae sample were monitored
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during the experiment. The samples were collected from the reactor using a pump motor
to minimize the disturbance of the sample. The microalgae harvesting efficiency was
evaluated based on the difference in optical density of the microalgae between initial
and harvested samples (at 750 nm) using Equation 4:

(4)

n= <0Dinitial — OD;
ODinitial

) x 100
Where 1 is the harvesting efficiency of the microalgae (%), ODinitial IS the initial optical
density of the culture medium and OD: is the optical density of the culture medium at a
certain time. The energy consumption (Cenergy) In kWh/kg of the harvesting process

were calculated using the Equation 5:

C 3 UXI xt ®)
Enenrgy ™ 1000 xV X C; X 1

Where U is the applied voltage (volt), I is the applied current (A), t is the electrolysis
time (minutes), v is the microalgae biomass volume (m® and Ci is the initial
concentration of the microalgae biomass (kg/m®). To find the most suitable operating
condition, the harvesting efficiency and energy consumption data sets were normalized
using Equation 6. Then, the normalized harvesting efficiency was added to the inversed
normalized energy consumption to select the most optimum running conditions.

(value — min) (6)

Normlized value = -
(max — min)

3.4 Numerical Method

To study the effect of interelectrode distance and applied voltage on the DEP
force in the proposed setup, a numerical model was built using COMSOL Multiphysics
5.5. As seen above in Equation 1, 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 proposed electrode configuration. The schematic of the
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simulated geometry consisting of two circular shaped aluminum electrodes coated with
titanium dioxide is shown in Figure 10.

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 the equation (Du et al., 2009):

E=—-Vo (7
Where, ¢ is the root mean square of the electrostatic potential given by the Laplace’s
equation:
V=0 (8)
The boundary conditions were fixed for the surface of the charge carrying electrodes,
where Uy is the root mean square of the oscillating potential drop:
v = U, ©)

16 {mm
14 ]
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o d b NONSMOO®
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Figure 9. lllustration of the COMSOL model showing the geometrical parameters and

the materials used in the numerical simulation.
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3.5 Error Estimation

Harvesting process for each experimental parameter at every time range was
repeated twice. The reported results are the average of the experimental trials. Error
bars represents the standard deviation of the results. The following Equation was used

to calculate the standard deviation error bars for each reported data:

D — XY (x; = %)? -
B N

Where, x; is the measured value, X is the average of the measured values, and N=2
which is the number of repeats. Error bars are shown on all Figures, and all error bars

of the standard deviation do not exceed 3%.
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Chapter 4: Results and Discussion

4.1 Effect of Settling Time on Harvesting Efficiency

The effect of different settling time on the harvesting efficiency of the
microalgae after the application of the electrical field was evaluated. A settling time
of 10, 30, 60, and 90 minutes were investigated. The interelectrode distance and
applied voltage were kept constant at 6 mm and 200 V, respectively, for 15 minutes
electric field application. The settling of microalgae in a control sample with no
electric field was measured in order to ensure that harvesting of microalgae is
completely due to the application of the electrical filed. As shown in Error! R
eference source not found.11a, the harvesting efficiency without the application of
the electric field is low and reached a maximum of 10% after 90 minutes. The tested
microalgae cells are very small in size with a diameter ranging between 2 — 8 um
which made them stable in solution and hard to settle. The removal efficiency of the
microalgae cells with the application of the electric field was 72.5% at zero settling
time. It was noticed that while the electric field is on, most of the microalgae cells
moved toward the strong electric field close to the surface of the electrodes due to
pDEP force. After a period of time, it was noticed that the microalgae cells where
entrapped between the two electrodes forming a pearl-chain effect as shown in Figure
11b. The pearl-chain effect occurs due to an induced dipole-diploe interaction
between the microalgae cells which cause the cells to align in chains along the electric
field (Du et al., 2013; Pethig, 2010; Wong et al., 2004). Once the electric field was
turned off and after 10 minutes of settling the removal efficiency of the microalgae
decreased to 46% due to the dispersion and resuspension of the microalgae cells into
solution. As the settling time increased the removal efficiency increased to reach 69%

after 90 minutes of settling time. With time and due to size enlargement and
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agglomeration of the microalgae cells, these agglomerates settled by the influence of
the gravitational forces as shown in Figure 11c. It was found that after 90 minutes
settling time, the removal efficiency was high (i.e., 69%) almost similar to the initial
72.5% removal efficiency when the electric field was on. Therefore, in this study, a

settling time of 90 minutes was applied for all samples after the application of the

electric field.
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Figure 10. (a) effect of settling time on microalgae harvesting efficiency at the
following conditions: without electric field and with electric field application using
200 V, 150 kHz, 6 mm, and 15 minutes (b) entrapment of most of microalgae cells
between electrodes and pearl chain effect formation with the application of electric
field (c) (left): resuspension of cells when electric field is turned off and large

agglomerates formation, (right) settling of agglomerates after 90 minutes.

4.2 Effect of Applied Voltage on Harvesting Efficiency

The effect of voltage on the DEP force represented as the squared electric
field [VE?| was numerically evaluated. Then, the effect of applied voltage for different
times on microalgae harvesting efficiency was experimentally investigated. The
studied applied voltages were 100 V, 150 V, and 200 V with electric field application
time of 5, 10, 15, 20, 25, and 30 minutes. The interelectrode distance and AC
frequency were kept constant at 6 mm and 250 kHz, respectively. The DEP force
field distribution was represented in Error! Reference source not found.11, and the i
ntensity of the DEP force field increased with increasing the applied voltage form
100V, 150 V, to 200. In Figure 12, the calculated value of the DEP force represented
by the square of the electric field (V|E[?) was shown. The highest V|E|? values were
1.89 x 102, 4.26 x 10'? and 7.58 x 102 VV¥/m?® for an applied voltage of 100, 150
and 200 V, respectively. From Figure 11 and Figure 12, it can be stated that stronger
DEP force field is present at the electrode surface with application of higher voltage,
and the intensity of the DEP force field decrease with application of lower voltages.
The increase in DEP force with increasing applied voltage indicate that higher
harvesting efficiency should be obtained, which agreed with the experimental results
shown in Figure 13. It was found that the harvesting efficiency of microalgae

increased with higher applied voltage and longer application time reaching highest
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values of 19.4%, 38.1%, and 63.9%, with applied voltages of 100 V, 150 V, and 200
V, respectively, after 30 minutes of application of the electric field.

The effect of applied voltage on the microalgae harvesting efficiency at
interelectrode distances of 4 mm and 8 mm were also investigated. At small
interelectrode distance of 4 mm, the harvesting efficiency of microalgae increased
with the applied voltage of 100 V and 150 V, reaching the highest harvesting
efficiency of 30.1% and 64.9%, respectively (Figure 14). This harvesting efficiency
increased with increasing applied voltage due to the application of an electric field
strong enough to capture microalgae cells. However, with application of higher
voltage of 200 V, the harvesting efficiency of microalgae increased reaching the
maximum of 70.4% after 20 minutes of application time. After 20 minutes, the
harvesting efficiency kept decreasing reaching to 26.5% after 30 minutes. This is due
to the joule heat effect which generates temperature gradient in the medium. The
temperature gradient is higher in the strong electric field region between the
electrodes, and lower temperature in the weak electric field regions away from the
electrodes. This temperature gradient induces the fluid flow of the medium
consequently resulting in disturbing of the harvesting process of microalgae. On the
other hand, at larger interelectrode distance of 8 mm, the harvesting efficiency of
microalgae increased with application of higher voltage and reaching to 11.8%, 14%,

and 28% at voltage of 100 V, 150 V, and 200 V, respectively (Figure 15).
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Figure 11. The DEP force field distribution defined as (V|E[?) for the applied voltages
of (a) 100 V, (b) 150 V, and (c) 200 V, at interelectrode distance of 6 mm and
frequency of 250 kHz.
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Figure 15. the effect of applied voltages on the harvesting efficiency at frequenscy
of 250 kHz and interelectrode distance of 8 mm.

4.3 Effect of Interelectrode Distance on Harvesting Efficiency

The effect of interelectrode distance on the DEP force field represented as the
squared electric field |[VE? was numerically evaluated. Then, the effect of
interelectrode distance on microalgae harvesting efficiency at a range of application
times was experimented. The studied interelectrode distances were: 4 mm, 6 mm, and
8 mm, and the applied voltage and frequency were kept constant at 200 V and 250
kHz, respectively. Error! Reference source not found.16 shows the DEP force field d
istribution, and the intensity of the DEP force field increased with decreasing the
interelectrode distance form 8 mm, 6 mm, to 4 mm. In Figure 17, the calculated value
of the DEP force represented by the square of the electric field (V|E|?) was shown.
The maximum squared electric field intensities were 1.26 x 103, 7.58 x 102, and
5.37 x 1012 V?/m? for an interelectrode distance of 4, 6 and 8 mm, respectively.
Moreover, for 4, 6 and 8 mm interelectrode distances, the minimum squared electric

field intensity was observed at a distance of 0.314, 0.374 and 0.239 mm, respectively,
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from the surface of the electrode. This implies that, increasing the interelectrode
distance would result in large areas without any DEP force field, thus lower
harvesting efficiency. From Figure 16 and Figure 17, it can be stated that stronger
DEP force field is present on the electrode surface and increased with using smaller
interelectrode distance, and that higher harvesting efficiency of microalgae could be
obtained at lower interelectrode distance. The experimental results in Figure 18a
showed that with using an interelectrode distance of 6 and 8 mm and 200 V, the
harvesting efficiency increased with time reaching up to 63.9% and 30%,
respectively, after 30 minutes of electric field application. This is due to the stronger
DEP force exerted on the microalgae cells with smaller interelectrode distance as
predicted by the numerical simulation. However, at a smaller interelectrode distance
of 4 mm and after a longer time of electric field application the harvesting efficiency
of microalgae started to decrease drastically. It was found that the harvesting
efficiency of microalgae decreased 70% at 20 minutes to 26.5% at 30 minutes. This
finding is opposite to the results predicted by the numerical simulation, where at a
smaller interelectrode distance of 4 mm higher harvesting efficiency is expected. The
decrease of the harvesting efficiency of the microalgae at an interelectrode distance
of 4 mm and after 20 minutes of application time is due to the joule heating effect.
At a lower interelectrode distance (i.e., 4 mm), a short circuit occurred due to the
formation of pearl-chain of microalgae cells. These pearl-chains might potentially
bridge the two electrodes with each other which would generate a short circuit that
will increase the electric field intensity (Y. Wang et al., 2014). Such high electric
field intensity is associated with increase in medium temperature and induce joule
heating effect (Sridharan et al., 2011). As shown in Figure 18b, the strong electric

field at an interelectrode distance of 4 mm resulted in increase in temperature from
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21 °C to 63.4 °C after 30 minutes. The high temperature resulted in the formation of
water bubbles close to the surface of the electrodes which disrupted the harvesting
process and started breaking down and dispersing the already entrapped microalgae
agglomerates (Yan et al.,, 2017). The effect of interelectrode distances on the
harvesting efficiency of microalgae at 150 V and 100 V is shown in Figure 24 and
Figure 25 in the appendix, respectively.

The formation of pearl-chains of microalgae cells is shown in Figure 19, with
application of high voltage of 200 V and using small interelectrode distance of 4 mm.
At first, the microalgae cells accumulated and entrapped efficiently between the two
electrodes due to the polarization of the cells and the presence of strong electric field.
Other microalgae cells started to accumulate on the surface of the electrode and form
chains of microalgae cells as shown in Figure 19e. After few minutes, the temperature
of the medium started to increase due to the strong electric field and generate joule
heating effect. The joule heating effect in the reactor induce electrothermal fluid flow,
and air bubbles started to form as shown in Figure 19i. Consequently, the pearl chains
were broken thus disturbing the harvesting of microalgae. It is important to mention
that the pearl chain phenomena will only occur when provided a strong enough
voltage amplitude. If weak voltage amplitude is applied, short chains of microalgae
cells are formed which will not reach the opposite electrode to form DEP bridge

regardless of the concentration of algal cells.
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Figure 16. The DEP force field distribution defined as (V|E[?) for interelectrode
distances of (a) 4 mm (b) 6 mm and (c) 8 mm at an applied voltage of 200 V and
frequency of 250 kHz.
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Figure 19. The formation of pearl-chain effect, and the disturbance of the chains due
to electrothermal fluid flow induced by joule heating effect.

4.4 Effect of Pulsed Electric Field on Harvesting Efficiency

Due to the solution temperature increase which was accompanied by the small
interelectrode distance (i.e., 4 mm) and longer time of continuous electric field
application (more than 20 minutes), the harvesting efficiency using a pulsed electric
field was investigated. A pulsed electric field of 2 minutes ON and 2 minutes OFF
for 10, 20, and 30 minutes at interelectrode distances of 4 mm and 6 mm was
investigated. The applied voltage and frequency were kept constant at 200 V and 250

kHz, respectively. Figure 20a shows that at an interelectrode distance of 4 mm the
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harvesting efficiency was 76.6% and 26.5% after 30 minutes for pulsed electric field
and continuous electric field, respectively. The harvesting efficiency of microalgae
using a pulsed electric was 50% higher than that of continuous electric field after 30
minutes. It was observed that when the electric field was ON, the microalgae was
entrapped between the two electrodes as mentioned earlier and when the electric field
was turned OFF the formed large agglomerates settled down due to the gravitational
force. Furthermore, the negative effect of joule heating and disturbance of the
harvesting process due to increase of temperature did not occur in the pulsed electric
filed. The highest temperature measured after 30 minutes was 63 °C and 46 °C for
continuous and pulsed electric field, respectively. At an interelectrode distance of 6
mm it was observed that the temperature of solution did not increase significantly in
the continuous and pulsed electric field application. The highest temperature after 30
minutes of electric field application was 44°C and 40°C for continuous and pulsed
electric field, respectively. Due to the longer time of electric field application using
the continuous electric field, the harvesting efficiency of microalgae was higher than
the pulsed electric field at 6 mm electrode distance. With the continuous electric field,
the harvesting efficiency was 63.9% compared to 42.8% for the pulsed electric field
after 30 minutes (Figure 20b). This signifies the advantage of using pulsed electric
field over continuous electric field for small interelectrode distances where the
harvesting efficiency is high, and the expected energy consumption is low. The

energy requirements are discussed later.
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4.5 Effect of AC Frequency on Harvesting Efficiency
The effect of the applied current frequency on the microalgae harvesting
efficiency was evaluated at a low frequency of 50 Hz and four high frequencies: 100

kHz, 150 kHz, 200 kHz and 250 kHz. The applied voltage, the experimental time,
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and the interelectrode distance were kept constant at 200 V, 20 minutes, and 6 mm,
respectively. As shown in Figure 21, the harvesting efficiencies of microalgae were
20%, 67%, and 57.9%, at frequency of 50 Hz, 100-150 kHz, and 200-250 kHz,
respectively. At low frequency, the DEP response of the cell depends on the
conductivities of the cell and the medium. The low conductivity of the cell wall and
membrane compared to the conductivity of the medium result in nDEP behavior,
hence low harvesting efficiency of microalgae cells (Gallo-Villanueva et al., 2011).
At an intermediate frequency of 100-150 kHz, the DEP behavior is dominated by the
conductivity of cell cytoplasm. The microalgae cell cytoplasm has higher
conductivity than the medium, therefore it is more polarizable than the medium
resulting in pDEP behavior. Hence the harvesting efficiency of microalgae cells
increase at intermediate frequencies. At higher frequencies of 200-250 kHz, the DEP
response of the cell is dominated by the permittivity of the cell and the medium. Due
to the low permittivity of microalgae cell cytoplasm and high permittivity of the
medium, microalgae cells show nDEP behavior (Fernandez et al., 2017). Hence, low

harvesting efficiencies at higher frequencies of 200 kHz and 250 kHz.
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4.6 Specific Energy Consumption

This section studies the effect of applied voltage and interelectrode distance on
the specific energy consumption. As shown in Figure 22a, the specific energy
consumption at small interelectrode distance of 4 mm decreased as the applied
voltage increased. However, at larger interelectrode distances of 6 and 8 mm, the
specific energy consumption increased as the applied voltage increased. At small
interelectrode distance, the specific energy consumption decreased as the applied
voltage increased due to the significant improvement in the harvesting efficiency.
While using large interelectrode distance, the specific energy consumption increased
as the applied voltage increased due to the minimal improvement in the harvesting
efficiency although higher voltage has been used. As shown in Figure 22b, the
specific energy consumption using pulsed electrical field was less than the continuous

mode. At an applied voltage of 200 V and interelectrode distance of 4 mm, the
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specific energy consumption of pulsed mode was 70% lower than the continuous
mode. While using the same applied voltage and interelectrode distance of 6 mm, the
specific energy consumption of pulsed mode was 38% lower than the continuous
mode. The specific energy consumption of the pulsed mode was lower since the
electric field was applied for half the time of the continuous mode.

To find the most optimum operating conditions, the specific energy
consumption and harvesting efficiency were normalized using Equation 5. As shown
in Figure 23, the most efficient running conditions were: (1) pulsed electric field at
small interelectrode distance and high applied voltage, (2) continuous electric field
at small interelectrode distance and mid applied voltage, (3) continuous electric field
at mid interelectrode distance and high applied voltage. The most efficient running
conditions had an energy consumption of 7.76 kWh/kg with harvesting efficiency of
76.6%. On the other hand, the least efficient running conditions was obtained using
continuous electric field at large interelectrode distance and mid/low applied voltage.
The specific energy consumption of the least efficient running conditions (continuous
electric field at 4 mm, 200 V, and 30 minutes) was 26.4 kWh/kg with harvesting

efficiency of 26.5%.
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Figure 23. The normalized harvesting efficiency and inversed energy consumption of various experimental conditions used in this study.
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Chapter 5: Conclusion

In this study, a novel titanium dioxide insulated stainless steel electrode has
been used for the harvesting of Chlorella sp. microalgae from freshwater by
dielectrophoretic force. An interdigitated electrodes configuration was used to increase
the inhomogeneity of the AC electric field. The batch reactor used was in the range of
50 milliliters. The major enhancement of using the new electrode configuration was
achieving high harvesting efficiency with zero metal contamination for the harvested
biomass due to electrodes insulation. The effect of interelectrode distance and applied
voltage on the intensity of DEP force was stimulated. For the simulation studies, it was
found that DEP force was intensified with higher applied voltage and smaller
interelectrode distance. The effect of several experimental parameters on the harvesting
efficiency of microalgae was investigated. It was found that the highest harvesting
efficiency of microalgae achieved was 76.6% with energy consumption of 7.76
kWh/kg, obtained with application of pulsed electric field at 4 mm interelectrode
distance, 250 kHz frequency, and 200 V applied voltage for 30 minutes. The decrease
in harvesting efficiency with application of strong electric field due to joule heating
effect was reduced with application of pulsed DEP. The most significant impact of
using the new electrode configuration is achieving high harvesting efficiency with no
contamination for the harvested biomass. Future studies to enhance DEP technology
could focus on the impact of DEP on microalgae groups other than green microalgae,
in addition to investigate the manipulation and separation of multiple microalgae cells
spontaneously. Also, separation of microalgae in continuous flow and larger scales, and

to experiment with regular culture mediums.
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Appendix: Additional Figures
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Figure 24. The effect of inter-electrode distance on the harvesting efficiency using 150
V and 250 kHz.
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Figure 25. The effect of inter-electrode distance on the harvesting efficiency using 100
V and 250 kHz.
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