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ARTICLE INFO ABSTRACT

Keywords: Harvesting has been recognized as a major bottleneck in any microalgae-based technology, making it a relevant
Electrocoagulation research topic in the field. Among applicable technologies, electrocoagulation-flotation (ECF) has been devoted a
Electroflotation lot of attention as an effective alternative to conventional metal salts addition. This paper reports and comments
PDI:::;S;?ngg the relevant available literature on ECF, aiming at retrieving and assessing the main parameters affecting process
Microalgae performance by identifying their optimal ranges. After introducing the basic principle of ECF, the paper presents

a qualitative analysis of the main factors (electrochemical parameters, microalgae and broth characteristics) and
the way they affect the process performance. Then, a quantitative assessment has been performed based on the
analysis of a dataset of 190 records from 29 research papers. Metal toxicity and process costs are addressed.
Finally, guidelines for future experimentations are discussed in order to support and facilitate the further

development of the ECF technology.

1. Introduction

In all kinds of microalgal cultivation, harvesting is a challenge as it
must perform an efficient solid/liquid separation of small (typically
3-30 um) microalgal cells from diluted culture suspension. Microalgae
are cultivated in a variety of reactors including open ponds, photo-
bioreactors of various shapes, thin-layer and biofilm systems [1,2] and
for a variety of purposes, spanning from food, feed, pharmaceutical,
cosmetic, to fertilizers and bioremediation [3]. The harvesting density of
a typical algal culture depends on the optical path length of the culti-
vation system: in ponds, the typical cultivation density is below 1 g/L
(0.1%), in the short optical path photobioreactors it can be up to 5-20 g/
L, while it can reach 50-60 g/L in thin layer systems [4,5] and 100-200
mg/L in heterotrophic fermenters [6]. Except for the densest cultivation
methods, it is clear that pre-concentration and separation (harvesting) is
an essential step in any microalgae-based technology and it has been
recognized as the major bottleneck in achieving the sustainability and
cost-efficiency of these technologies [7].

Typically, algae harvesting is performed in the steps shown in Fig. 1.
In a primary concentration step, the microalgae biomass is separated
from the bulk of the culture in the form of a slurry having 1-3% solid
content. In the secondary concentration step, a biomass paste up to 30%
solid content can be achieved, eventually followed by a drying step,
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based on the requirement of the downstream processing. Using a 2-step
approach, dewatering costs are reduced by more than one order of
magnitude [8,9].

Options for the primary concentration include various technologies
based on the use of metal-salts [10], biopolymers [11], magnetic co-
agulants [12], ultrasounds [13], bioflocculation [14], electro-
coagulation and a number of (patented) processes applying very diverse
principles [15]. However, the majority of innovative processes are at a
low technology readiness level (TRL). The principle of operation, ad-
vantages and disadvantages of those various alternatives have been
summarized in recent literature reviews (e.g. [15-17]) to which the
reader is referred for more details. While chemical coagulation is
considered as the benchmark technology [10], alternative technologies
for primary concentration have still to be proven as cost effective.

In the conventional coagulation-flotation process, pH variations and
the dosage of polymers or polyvalent metal ions, such as iron (Fe>*) or
aluminum (A1*"), allow charge neutralization of the microalgal particles
and aggregation in flocs [18].

Electrocoagulation-flotation (ECF) is also based on the release of
cations but via electrochemistry and this makes it easier to control and
prevent overdosing. During ECF, aluminum and/or iron ions are
released into solution by the anode oxidation and form metal hydrox-
ides, which act as the coagulation/flocculation agents. ECF does not add
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Fig. 1. General framework for microalgae harvesting.

any anion, other than OH’, into solution and produces microbubbles that
float algal flocs to the surface for easy skimming [19-21]. Using elec-
tricity for water treatment was first proposed in UK in 1889, while
electrocoagulation with aluminum and iron electrodes was patented in
the US in 1909. The electrocoagulation of drinking water was applied on
a large scale in the US since 1946 but its application worldwide was
found impractical due to the high capital and energy costs [22]. During
the past three decades, electrochemical wastewater treatment technol-
ogies have regained importance [23]. Electrocoagulation is now a solid
alternative to other conventional technologies in different fields, such as
metal recoveries, treatment of drinking water, process water, waste-
waters from various origins including tannery, electroplating, diary,
textile processing, oil and oil-in-water emulsions [21,22]. This tech-
nique seems a promising alternative to the conventional chemical
coagulation of microalgae via metal salts addition, but most of the re-
ported results still come from bench-scale tests. Furthermore, relevant
operational parameters and their optimal range are still unclear or too
wide, making it difficult to perform a sound technical-economic analysis
in comparison to the conventional techniques.

Within this framework, this review aims at collecting and organizing
the available literature data on operational principle, equipment, pro-
tocols, and main parameters affecting the process efficiency in order to
support further developments and scale-up of the process. Moreover,
comparison with the conventional flocculation is addressed together
with a very approximate cost analysis.

2. General principles of ECF
2.1. Why microalgae harvesting needs coagulation/flocculation

There are three main reasons that make microalgal biomass recovery
difficult to achieve: (i) microalgal cells are small (typically within 3-30
pm, though even smaller cells do exist, e.g. 0.8-1.5 pm for Synecho-
coccus), (ii) culture broths concentration is typically low (from <0.5 g/L
in outdoor open ponds), (iii) like most of biological material, microalgae
usually carry a negative surface charge, which provides them with
colloidal stability in a suspension [10,24]. The surface charge density is
a function of microalgal species, ionic strength of the medium, pH and
other environmental conditions [25]. Microalgal cell wall is composed
of polysaccharides, proteins and lipids [26] which contain numerous
functional groups, such as carboxyl (—COOH), hydroxyl (—OH), phos-
phate (—POg), amine (—NHy) and sulfhydryl (—SH) [27]. Carboxyl and
amine groups are especially relevant since they can generate surface
charges and consequently surface potential. Indeed, under typical
neutral/alkaline pH, these functional groups are deprotonated, resulting
in a net negative surface charge, coherent with their negative zeta

potential [28]. Therefore, the behavior of a microalgal suspension is
similar to that of colloidal suspensions where the charge-related repul-
sive forces (increasing with the decrease in the particle size) overcome
Van der Waals attractive forces (decreasing with the decrease in the
particle size) and microalgae cells remain in a stable dispersed state. To
favor algae separation, repulsive forces should be reduced by allowing
microalgal cells aggregation and facilitating their separation from water
[23].

The electric configuration around microalgal cells can be modelled
by the DLVO (Derjaguin, Landau, Verwey, Overbeek) theory [29,30]. In
fact, to maintain net electrical neutrality, the negatively charged cells
attract cations from the solution, the so-called counter ions, building up
a structure called electric double layer. The electric double layer consists
of an inner region (Stern layer), where oppositely charged ions are
tightly bound to the surface of colloidal particles and an outer layer,
where the ions move freely due to diffusion (ion diffusion layer or
slipping plane). The interface between the inner and outer layers is
known as the shear plane that defines the outer limit of the Stern layer
(Fig. Al in appendix). The maximum (negative) potential occurs at the
surface of colloidal particle and is known as the Nernst potential, where
it decreases in absolute value across the Stern layer due to the presence
of oppositely charged particles resulting in what is defined as Zeta po-
tential (Z) [23]. Zeta potential is easily measurable and it is a useful
indicator of the degree of the suspension stability. When it is high (|Z|>
25 mV) the repulsion is strong, and the suspension is stable. The more it
gets closer to zero, the more the particles tend to aggregate thus forming
flocs. Therefore, the role of coagulants, either added as chemicals or as
ions from electrocoagulation, is to destabilize the colloidal particles by
reducing the repulsive forces that prevent particles aggregation thus
allowing attractive forces to prevail [10,23,31]. Moreover, when metal
salts are used as coagulants, insoluble metal hydrates are also formed
that precipitate and settle easily. These precipitates eventually entrap
colloidal particles during and after precipitation, favoring particle sep-
aration, this mechanism being known as sweep coagulation [23,32].
Indeed, under typical ECF conditions, the coagulation/flocculation of
microalgal cells is mostly due to the sweeping coagulation/flocculation
by insoluble hydroxides [33,34]. According to the solubility diagram
(see Figure 9-11 in [35]) for Fe, optimal conditions for an effective
sweep coagulation are achieved by a metal dosage of 10°-10° M and at
pH of 6-10. Similarly, for Al sweep coagulation occurs with a dosage of
3x10%-3x10° M and at pH of 6-9.

2.2. Fundamentals of electrocoagulation-flotation

In the ECF process, electrodes are usually made of metals, while the
non-metal electrodes or mixed solutions of metal and non-metal
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Fig. 2. Schematics of (a) electrocoagulation and (b) electroflotation processes for microalgae harvesting.

electrodes are less frequently used [36]. These alternatives are discussed
in the following sections.

2.2.1. Sacrificial metal electrodes

In the most conventional configuration, ECF is performed by using
metal electrodes submerged in the aqueous suspension that has to be
treated (Fig. 2). The electrodes are usually made of aluminum or iron,
which are effective, cheap and readily available [20,37], although other
materials were tested, such as stainless steel.

During electrocoagulation with the metal electrodes, two main
phenomena occur (Fig. 2a): (i) the electrolysis of water that produces
microbubbles causing floc flotation (electroflotation), (ii) the oxidation
of the anode to the metal cations which are released into the microalgal
suspension and induces the destabilization of the algae cells and their
coagulation/flocculation (electrocoagulation). Integrating electro-
coagulation and electroflotation in a combined process allows the
destabilization of microalgae suspension and their aggregation in flocs,
which are then floated by microbubbles [18]. The combination of these
two effects, which are later discussed in more details, justifies the name
given to the technology (i.e. electrocoagulation-flotation, ECF).

The electrolysis of pure water produces oxygen gas at the anode (Eq.
(1)) and hydrogen gas at the cathode (Eq. (2)) (E° is the standard elec-
trode potential):

anode : 2H,O0() =0y +4e + 4H" E° = (4+123-0.059pH) V (1)

cathode: 2H,0( +2e”— Hy(,) +20H" E°=(-0.834+0.059p0H) V (2)

Microbubbles (O, and H,), released at the electrode surface, adhere
to the microalgal cells or flocs and cause flotation by carrying them to
the liquid surface and forming a floc-foam layer [37,38]. Floated flocs
can be easily skimmed off (as illustrated in Fig. 2b). Compared to sedi-
mentation, flotation is a fast process requiring a few minutes [25]. Since
water hydrolysis involves the release of H* or OH™, the process is
affected by pH: alkaline conditions favoring anodic reaction (Eq. (1)),
while acidic pH supporting cathodic reaction (Eq. (2)). Because of water
electrolysis, pH rises at the cathode, and it is reduced at the anode.
Beside water electrolysis, metal dissolution occurs at the anode in ECF.
The anode oxidation reactions depend on the electrode material.

The expected metal forms from electrocoagulation in aqueous sys-
tems can be predicted by the Pourbaix diagram. This diagram reports, in
a graphical form, the thermodynamic equilibria under various pH and
ORP conditions and under defined concentrations of solubilized metals
(relevant equilibria for Fe and Al are reported in Table A1, in appendix)
[39]. According to this diagram, at a temperature of 25 °C and at a
concentration of soluble metals of 1 M (which is definitely too high
under typical application conditions), Fe2+(aq) dominates at a Eg below
0.77 V. However, Fe>* and Fe3" precipitate as Fe(OH)a(s) at pH > 6 and

FeO(OH)(s) at pH > 1.3, respectively. In the presence of lower soluble Fe
species, the predominance of Fe3* and Fe?' increases, while the pH
above which precipitates prevail also increases [40]. Final speciation of
Fe is also affected by concomitant chemical transformations, such as the
oxidation of Fe?* to Fe3" by molecular oxygen which develops at the
anode level.

As for aluminum, AI(OH)3() is the prevailing form for pH ranging
from 3.4 to 12.4, while this pH range shifts toward higher values with
the decrease in the soluble forms concentration.

The practical use of the Pourbaix diagram is however complicated by
the fact that chelation with organics which are typically present in
microalgae suspensions may interfere with the final speciation as pre-
dicted by the Pourbaix diagram. Moreover, pH and redox potential at the
anode are rarely measured during experimental electrocoagulation tri-
als. Finally, it has to be stressed that the Pourbaix diagram refers to the
thermodynamic equilibrium, which is rarely attained during experi-
mental tests, thus suggesting that complex dynamic models are needed
for a reliable prediction of ECF performances [41].

The number of electrons released from the electrode during the ECF
process is stoichiometrically related to the amount of metal released by
the anode oxidation, as quantified by the Faraday’s law (Eq. (3)):

I Xt X Mye

X F 3

where m is the mass of anode dissolved, I is the applied current, ¢ is the
treatment time, My is the molar mass of the electrode material (M, =
26.98 g/mol, Mg = 55.85 g/mol), z is the valence of ions of the elec-
trode material (za; = 3, 2re = 2), F is the Faraday’s constant (i.e. the
charge of a mole of electrons, 96,485 C/mol) [23,37,42].

Many other factors may lead to a dissolution yield different from the
theoretical one, computed from Eq. (3). It has been found that the
theoretical amount of anodic dissolution is often exceeded in real ECF
applications and the experimental values of metal dissolution can be as
high as 190% of the theoretically expected value. The cause of this
mismatch, known as superfaradaic efficiency, may be the chemical
(rather than electrochemical) dissolution of the electrode surface
[43,44]. Chemical dissolution is favored by the evolution of oxygen at
the anode that in turn is favored at alkaline pH and sufficiently high
anodic potential [21,44,45]. Because of water electrolysis, pH rises at
the cathode and it is reduced at the anode, thus chemical dissolution is
promoted for aluminum at higher pH (cathode) and for iron at lower pH
(anode) [43]. Moreover, pitting corrosion can also take place, especially
in the presence of chlorine ions [22,37].

Once electrochemically or chemically solubilized, metal cations
react spontaneously in solution, forming various monomeric hydroxides
such as:

Feer + ZOHi(])#FG(OH)Z(S) (4)
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Fe'' +30H ™ ()—Fe(OH), (5)
AP +30H™()—Al(OH), O]

Other species are formed in solution. Ferric ions may form monomeric
ions, ferric hydroxo-complexes with OH™ ions, and polymeric species
such as Fe(OH)*", Fe(OH)j, Fe(OH)i", Fe(OH),, Fe(H0);0H>*,
Fe(H20)g(OH)2™ and Fey(Hy0)4(OH)2", which further react to form

Fe(OH); [21,37]. For aluminum, monomeric species include Al(OH)*Y,

Aly(OH)3" and Al(OH), . Polymeric species are also produced such as
Als(OH)3!, Al;(OH)j4, Als(OH)3!, Al;304(OH)ssand Alj3(OH)3, ™,
which finally transform into Al(OH), according to complex precipitation
kinetics [21,34,37,46-48]. The presence and relevance of the above
listed hydroxides depends on the total metal cation concentration, the
PH, potential, and the type and concentration of other species present in
the solution [49].

Further phenomena are involved in ECF, including the electropho-
resis, i.e. the migration of negatively charged particles towards the
anode. Moreover, the above-mentioned sweep flocculation mechanism
allows the entrapment of microalgal cells in the amorphous hydroxide
precipitates [38].

Several factors, such as pH and electrode material, have an impact on
the relevance of charge neutralization and sweep flocculation as
addressed by solubility diagrams, such as those reported by Crittenden
et al. [35]. Nonetheless, as solubility diagrams only consider mono-
nuclear species, empirical observations are also important, especially
when dealing with complex liquid media for microalgae culturing. As an
example, above pH 9, negatively charged hydroxides (Al(OH), and
Fe(OH),) are the dominant species [37] which do not react with the
negatively charged microalgal cells. Under alkaline conditions, the
coagulation/flocculation of microalgal cells is probably due mostly to
the sweeping coagulation/flocculation by insoluble hydroxides [33,34].
Conversely, under acidic conditions, positively charged monomeric and
polymeric hydroxides are formed that react with the negatively charged
surface of the microalgal cells and destabilize the microalgal suspension
by charge neutralization. In general, larger amounts of aluminum hy-
droxide are formed than ferric/ferrous hydroxide [7,11,44] leading to
better performances in neutral suspensions.

The performance of the ECF process depends on various factors, the
main being:

- The metal dissolution per unit of electric energy applied (dissolution
efficiency). This efficiency is affected by the overall electrical resis-
tance of the cell elements (electrodes and solution) which influences
the efficiency of the electrolytic processes, but also by the concom-
itant chemical dissolution. The higher this efficiency the lower the
cost of releasing active metal ions in solution;

The efficiency of the coagulation/flocculation process, that depends,
in turn, on many factors, mainly related to the chemical character-
istics of the suspension (ionic composition, salinity, pH, and tem-
perature), the nature of particles (size, zeta potential) and the
hydrodynamics (including mixing, electrophoresis, and bubble
formation).

In practice, the ECF performance is typically quantified in terms of:

the dissolution efficiency, Ed (kgye/kWh or molye/kWh, as its
quantification allows for a fair comparison among performances of
different metals);

the applied metal dosage in terms of metal dissolved per unit of mass
of microalgae recovered, sMD (kgye/kg);

the electric energy consumption per unit of volume of the treated
suspension, VEEC (kWh/m®), or per unit of mass of microalgae
recovered, SEEC (kWh/kg);
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- the recovery efficiency, Er, i.e. the fraction of algae biomass sepa-
rated by the ECF process.

2.2.2. Non-sacrificial electrodes

When non-sacrificial electrodes are used [51,52], the negatively
charged algal cells move towards the anode by electrophoresis, where
they lose their negative charge through neutralization, and flocculate
[53]. Carbon electrodes, usually in graphite, are inert and safe, but the
harvesting efficiency is lower than that achieved with sacrificial anodes
since metal cations enhancing the coagulation/flocculation are absent,
thus resulting in higher power consumption [31,32,40]. The lower ef-
ficiency of carbon electrodes is a cost to pay in the case ECF is used for
harvesting microalgae for the food industry, since sacrificial anodes are
unacceptable due to the contamination by metal ions of the harvested
biomass [33,55]. Moreover, flotation is induced by gas bubbles from
water electrolysis, which favor cells separation. However, no convincing
evidence is available allowing distinguishing between electric field-
induced and mixing-induced cell trajectories, which would allow high-
lighting the relative importance of these concurrent phenomena.

2.2.3. Hybrid systems

There is no guarantee that a simple ECF system would provide just
enough metal ions for coagulation/flocculation and hydrogen bubbles
for flotation. To independently control these processes, hybrid solutions
have been suggested. One option is to add external organic polymers
(such as chitosan) to amplify the coagulation/flocculation effects of the
electrically-assisted metal release, as suggested by Zhou et al [55].
Alternatively, metal salts addition was suggested to enhance the effi-
ciency of systems based on the non-sacrificial electrodes [36]. Integrated
approaches can also include extra air-bubbling in a conventional sacri-
ficial electrodes system [56,57]. However, limited experience is avail-
able to assess the efficiency and cost effectiveness of these alternatives.

An interesting hybrid approach consists in mixing the sacrificial
metal electrodes for electrocoagulation and non-sacrificial electrodes for
the electroflotation. This combined ECF process was declared to have
two significant advantages: a shorter retention time and more efficient
harvesting [58]. Kim et al. [36] studied the ECF process on Nannochloris
oculata by applying polarity reversal between Al and a non-sacrificial
electrode (dimensionally stable anode, DSA®, Ti-RbO,) allowing to
vary the ratio between the Al dissolution and bubbles formation. They
found that an increase in the duration of the phase in which DSA
operated as anode and Al as cathode (thus leading mainly to water
electrolysis) appeared to reduce the electricity consumption by 30% and
the accumulation of aluminum in the harvested microalgae of 57%, with
an unchanged cells viability.

3. Experience in the application of ECF to microalgae

Due to the multitude of reactions occurring simultaneously, the
process modelling and harvesting efficiency predictions are extremely
complicated. Consequently, in the view of scaling-up, a systematic
approach to assess performance still needs to be established [38].
Relevant information can be obtained by analyzing the literature on the
application of ECF to microalgae that is summarized in Table A2.

There are three most important factors affecting harvesting
efficiency:

(i) ECF parameters: type and arrangement of the electrodes, current
density and process time, hydrodynamics, reactor setup
[17,37,59].

(ii) Microalgae characteristics: cell morphology, motility, extracel-
lular organic matter composition and concentration, surface
charge [19].

(iii) Broth characteristics: temperature, pH, salinity, chloride con-
centration [37,59].
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Moreover, in electroflotation, the size and quantity of bubbles and
their collision and particle adhesion are key factors influencing the
harvesting efficiency [59]. All these factors of influence are discussed in
more details in the following paragraphs.

3.1. ECF parameters

3.1.1. Type and arrangement of the electrodes

Various experiments were performed to compare the efficiency of
aluminum and iron electrodes using different microalgae. Gao et al. [60]
worked with Microcystis aeruginosa, Vandamme et al. [33] and Fayad
et al. [50] with Chlorella vulgaris, Dassey and Theegala [42] with Nan-
nochloris sp. and Dunaliella salina. Experimental results have shown
higher recovery efficiency (Er) of Al compared to Fe. This better per-
formance was explained by the higher performance of aluminum-based
coagulation/flocculation under neutral/alkaline pH [7,11,44]. Howev-
er, this advantage can be off-set by the better conductivity of Fe leading
to higher values of Ed and the Fe lower cost. In the case of stainless steel
anodes, iron ions are expected to be electrically generated. However, the
anodic behavior of stainless steel is similar to that of carbon steel (due to
the same anodic consumption), but at higher cost [61]. Moreover, when
ECF is used in biotechnological applications such as microalgae har-
vesting, other aspects are to be considered mainly related to the toxicity
and biomass contamination. These aspects are analyzed later on in
Section 4.

Although less common, other metals were also tested. Shuman et al.
[62] applied ECF for the harvesting of Nannochloropsis sp. and found that
nickel electrodes were more efficient than aluminum ones. Rahmani
et al. [63] developed an ECF system for harvesting of Chlorella pyr-
enoidosa with different electrode materials, namely aluminum, iron,
zine, copper, and carbon. They reported that the aluminum electrodes
exhibited the highest harvesting efficiency (95.8%), and best sEEC (0.28
kWh/kg) followed by copper, zinc, carbon and iron. Poelman et al. [64]
carried out ECF tests with anodes and cathodes made of aluminum and
lead, respectively. They found that the cathodes were covered with a
non-stable film reducing current intensity by 5-10% due to the
increased resistance, thus leading to increased ohmic losses. Issues
related to the toxicity and costs were not considered in that work.

Beside the electrode material, their geometry also affects the ECF
efficiency. Valero et al. [65] studied ECF on a mixture of Scenedesmus sp.
(24%), Kirchneriella sp. (1%) and Microcystis sp. (75%) with iron elec-
trodes at different distances. They found that the highest efficiency
occurred with a shorter electrode distance (5.5 cm), which was slightly
(2.6% and 3.1%) more effective than with separation of 7 and 11 cm,
respectively [65]. Wong et al. [66] studied different configurations of
aluminum electrodes for harvesting of Chlorella vulgaris and observed
that the highest efficiency was achieved with two cathodes and one
anode (CAC), rather than two anodes and one cathode (ACA), or con-
figurations with two (AC) or four electrodes (AACC). Regarding the
shape of electrodes, Luo et al. [59] reported that algae cells accumulate
more easily on the surface of stainless steel anodes in a grid shape, rather
than on plate or bars, and are harder to be cleaned. In fact, plate elec-
trodes were commonly used in electrochemical harvesting methods
[59,67]. Baierle et al. [67] studied iron and aluminum electrodes in a
spiral shape for harvesting of Desmodemus suspicatus. According to the
authors, spiral shaped electrodes allow an improvement in the ECF ef-
ficiency due to the increase of the surface area, the formation of small
and fast-dispersing bubbles of oxygen, the reduction of power con-
sumption of the process and an increase in the electrode lifetime. It is
worth noting that it is difficult to draw definitive conclusions on the
optimal shape, since limited data are available in the literature and the
hydrodynamic properties of ECF cell could also affect the final ECF
results.

3.1.2. Current and process time
Current is another important factor that affects both harvesting
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efficiency and energy consumption [53]. In most of the literature works,
current is normalized to the electrode area and therefore reported in
terms of current density. Typical values for the current density used
during batch tests is of few mA/cm?, with the majority of values ranging
within 2 and 20 mA/cm?2. The amount of metal that dissolves from the
anode increases with the current (and also with current density when
working with the same experimental set-up) and process time, according
to the Faraday’s law (Eq. (3)), which in turn promotes algal aggregation
and floc formation. Various experiments tested the effect of the current/
current density, observing that:

e higher current density causes an increase in the specific electric en-
ergy consumption [60,67];

e increasing the current (and current density) reduces the process time
by speeding up the electrochemical dissolution [68];

e increasing current density improves the generation of bubbles. At
low current density bubbles tend to stick to the cathode affecting the
media conductivity [13,39,40]. Increased current density also tends
to decrease the size of bubbles (they detach sooner) which improves
their effectiveness in the flotation process [27,44];

A proper balance should be maintained between process time and
energy cost in order to optimize the overall process efficiency [53].
Indeed, since the use of a low current density requires relatively long
retention times, larger reactor size would be required at the industrial
scale. In addition, since the algal biomass harvesting time may affect its
final quality and viability, process time may be constrained [33].

3.1.3. Hydrodynamics

As for conventional coagulation/flocculation processes, stirring
speed has a relevant effect on the ECF efficiency, so that mixing should
be optimized since it plays the following opposite effects:

- On the one hand it improves the microalgae harvesting by enhancing
contact between the coagulants and the cells [21]. Vandamme et al.
[33] showed that for an increase in stirring speed from 0 to 60 and
150 rpm, the time required to achieve destabilization of the micro-
algal suspension decreased by almost a factor of two;

- On the other hand, mixing at higher stirring speeds causes high shear
forces, which may break-up microalgal flocs and reduce ECF effi-
ciency [33,69].

It is worth noting that most of the literature reports stirring condi-
tions in terms of stirrer RPM, while it is known that the effectiveness of
mixing also depends on the velocity gradient and the geometry of the
tank. Better reporting parameters would be the specific power input (W
m~%) or velocity gradient (G, s_!). The adoption of unified parameters
would facilitate the comparison among different experiments, also with
respect to other coagulation techniques.

When considering electroflotation, the liquid depth is relevant. Luo
et al. [59] reported that higher values result in higher efficiency as a
consequence of the increased distance for hydrogen bubbles to travel to
the surface of the liquid and, thus, of the higher contact time for colli-
sions between hydrogen bubbles and algal cells. However, at higher
liquid depth, the hydrogen bubbles separation from the cathode surface
can be hindered because of the higher liquid pressure, which results in a
higher energy consumption [59]. Contrary to what is reported above,
Valero et al. [65] reported that different liquid depths (2.7, 5.2 and 6.4
cm), resulted in statistically equivalent recovery efficiencies.

Most of experimental data in literature were obtained in batch re-
actors, only few of them were continuously operated. In continuous
systems, flow velocity determines the residence time and, consequently,
the ECF process time. A fast flowrate may promote the detachment of
bubbles from the cathode surface, although high velocities can result in
bubble dragging to the reactor outlet, instead of letting them rise up to
the liquid surface [59].
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Fig. 3. Typical designs of ECF continuous reactors: (a, b) EC and EF in separated chambers (adapted from [58]) and (c) baffled reactor (adapted from [70]).

Xu et al. [57] tested the ECF process integrated with dispersed air
flotation and found that the aggregate size of microalgae was bigger and
increased more quickly in the integrated process than in the ECF process.
On the other hand, the overall maximum efficiency in the integrated
process was lower, since the shear stress and turbulence caused by the
continuously dispersed air broke the up-floated flocs which re-
suspended in the algal culture broth [57].

3.1.4. Reactor setup

Among the available configurations for ECF reactors, batch and
continuous systems can be found. Batch reactors typically operate with a
fixed volume of algal suspension treated in cycles, whose characteristics
may change over time. On the other hand, continuous reactors work
with a continuous feed and under (pseudo) steady-state conditions. The
large majority of published results were obtained in batch configura-
tions, that were used to assess the influence of relevant parameters on
the process efficiency and to identify optimal operating conditions.
Nevertheless, a continuously flowing process is usually preferred (and
targeted) from a process engineering perspective, since it can be more
easily integrated into large scale cultivation systems.

Typical designs of ECF continuous reactors are shown in Fig. 3,
including configurations in which EC and EF are performed in separate
chambers and baffled reactors. In the latter case, in which EC is carried
out by forcing the microalgal suspension to flow in zigzag path between
the electrodes, the active surface is maximized as well as the residence
time of the suspension in the reactor [70].

Some relevant applications of continuous reactors are reported
hereafter. Shuman et al. [62] tested a small electrocoagulation reactor
using electrodes in aluminum or nickel, positioned at 6.35 mm distance
and designed to prevent recirculation zones. A separated settling beaker
was used for microalgae separation. The reported energy input was 0.08
kWh/m® when treating 3.9 L/min of a Nannochloropsis sp. suspension.
Short EC times were required (0.8-7.5 s), followed by a 30-min down-
stream separation time [62]. Zhou et al. [55] tested a bench-scale elec-
troflotation reactor with a nominal capacity of 1.5 m®/h and geometry
similar to Fig. 3b, except for the horizontal positioning of electrodes in

the inlet zone. Non-sacrificial electrodes were used to induce flotation
while chitosan was added to favor flocculation [55]. Luo et al. [59]
tested an 80-L electroflotation reactor with an sEEC of 2.73 kWh/kg.
More recently, an innovative setup was proposed by Parmentier et al
[71] consisting in an electrolytic cell made of a pair of vertical
concentric tubular electrodes (inner stainless steel cathode and outer
metal anode), and a flocculation tower installed on top of the electrolytic
cell for flotation of the coagulated cells. When treating Chlorella vulgaris
at neutral pH, a 100 or higher concentration factor was achieved with an
SEEC of 2 kWh/kg for iron electrodes and 1.1 kWh/kg for aluminum
electrodes [71]. Although promising, these results are still insufficient to
draw any robust conclusion on reactor design, so that the TRL level of
this technology is currently set to 3-4.

3.2. Microalgae characteristics

As stated before, microalgae cells are negatively charged [72] due to
the presence of ionizable functional groups on the cell wall or of
extracellular organic matter (EOM) attached to the cell surface [73,74].
EOM has been pinpointed as the major source of electronegative charge
for four algae species (C. vulgaris, Microcystis aeruginosa, Asterionella
formosa and Melosira sp.), showing hydrophilicity with negative Zeta
potential values for pH between 2 and 10 [74]. Zeta potential mea-
surements on the green microalgae confirmed that algal cells are typi-
cally electronegative for pH between 4 and 10, ranging around -10 to
-36 mV [74]. Algal surface charge has been shown to be species
dependent; the cell surface of Microcystis aeruginosa has a lower hydro-
phobic character and a more negative surface charge over a larger pH
range than Chlorella vulgaris, with the stage of life cycle influencing Zeta
potential due to the variations in quantity and composition of the EOM
[74]. The value of the Zeta potential was not correlated with the ten-
dency of microalgae to grow in colonies of biofilms, but was markedly
larger for marine species [28]. The negative surface charge is the main
reason for the need of metal cations to allow for cell coagulation.

Cells surface properties are expected to influence the flotation pro-
cess which is based on the generation of up-rising gas bubbles that bind
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to algal cells and induce their flotation to the liquid surface [16]. An
efficient flotation relies on successful collision and attachment of bub-
bles and particles, and works best when algal cells are hydrophobic [75].
Though hydrophobicity is more common, it varies greatly depending on
the species of algae. Gongalves et al. (2015) showed that Chlorella vul-
garis, Pseudokirchneriella subcapitata and Microcystis aeruginosa presented
a hydrophilic surface, while Synechocystis salina and co-culture with
S. salina showed hydrophobic properties. Ozkan and Berberoglu (2013)
measured the free energy of cohesion to assess the hydrophobicity
character of microalgae surface. Seven out of 12 strains showed an hy-
drophobic surface; moreover, the authors acknowledge that the hydro-
philic character of the remaining strains could be turned to hydrophobic
in the presence of multivalent cations, which are normally available in
cultivation media and released in solution during ECF or upon addition
of coagulants [77].

As shown in Table A2, the species studied for ECF harvesting were
selected based on the popularity of their cultivation for various prod-
ucts. Green algae are known for their high applicability and ease of
cultivation, especially the species from the genus Chlorella. The most
popular species, Chlorella vulgaris, is known for its wide utilization, from
production of biofuels (biodiesel, biomethane and biohydrogen), to
high-value products in cosmetics (skin care), nutraceutics (poly-
unsaturated fatty acids), and pigments (carotenoids and chlorophyll).
They are commonly used also in wastewater treatments (reduction of
nutrient and organic matter content) [78-80]. Different species of the
genus Scenedesmus are cultured for the wastewater bioremediation,
antioxidant properties, polyunsaturated fatty acid (PUFA) production,
and utilization for the animal feed (high protein content, fatty acids),
cosmetics (pigments), sunscreen, biofuel, and biofertilizers [79,81].
Many species have been recognized as a perspective source of biofuel
due to their high lipid content, i.e. species from genera Kirchneriella,
Chlorococcum, Tetraselmis, Nannochloris, Nannochloropsis (Chlorophyta),
Phaeodactylum and Ankistrodesmus (Bacilliariophyceae/diatoms)
[79,81-83]. Botryococcus braunii is used in the biofuel industry, in
bioremediation, as an alternative source of carotenoids for the human
health applications, as well as in cosmetics [82,84]. Dunaliella salina is
one of the most popular beta-carotene producers featured in numerous
studies about this pigment [84]. Cyanobacteria Spirulina/Arthrospira has
been consumed for ages due to its high nutritional value (proteins,
essential amino acids, vitamins, essential fatty acids and micro-
elements, antioxidant potential), and it is frequently utilized in the
production of pigment phycocyanin, protein meal or feed additive in
diets of poultry, fish and domestic animals, and products in cosmetics
[83].

It is worth noting that the majority of literature data refer to mon-
ospecies laboratory cultures, while the outdoor open-pond cultivations
are usually characterized by the multispecies communities with one or
more dominant species that may change over seasons. Gongalves et al.
(2015) demonstrated that species interactions have significant impact
on flocculation and sedimentation characteristics of mixed cultures,
mainly due to a decrease of the free energy of hydrophobic interaction,
resulting in a more hydrophobic surface [76]. Extensive data on the
mixed cultures are still missing and further investigations should be
carried out to identify the efficient harvesting solutions in
bioremediation.

3.3. Broth characteristics

3.3.1. Temperature

The increase of temperature favors the ECF process by increasing the
kinetic energy of the cells and the electrical conductivity, and by
decreasing the viscosity, thus favoring particle transport [19,60].

Separation and Purification Technology 271 (2021) 118684

Uduman et al. [19] found that the ECF harvesting efficiency of two
marine algae, namely Chlorococcum sp. and Tetraselmis sp., were as low
as 5% and 68%, respectively, at a temperature of 5 °C, but when the
operating temperature was increased up to 60 °C, the efficiencies
significantly increased to 96% and 94%, respectively.

3.3.2. pH

As already described in the Section 2, pH plays an important role in
the ECF process, since it affects water electrolysis, metal solubility and,
especially, determines speciation of aluminum and iron hydroxides in
the microalgal suspension. Some authors suggested that the neutrali-
zation mechanism is more effective for the destabilization and separa-
tion of microalgae than the sweeping mechanism [34,60] and neutral
pH should be properly considered for the effective operation of the ECF
process [53].

However, conflicting results are reported in the literature. Misra et al.
[54], when treating Scenedesmus obliquus with aluminum electrodes,
showed that an initial pH of 5 was optimal and that efficiency decreased
at higher values. Uduman et al. [19], working with Tetraselmis sp. and
stainless steel electrodes, could not observe any clear effect of pH (tested
pH interval 4-9) on harvesting efficiency. Similarly, Golzary et al. [34]
reported that initial pH had a smaller effect on Chlorella sp. separation
with aluminum electrodes, if compared to time and current density. Xu
et al. [69] reported that the time needed for Botryococcus braunii har-
vesting with the aluminum electrodes decreased with increasing pH
from 7 to 11, while algal lysis occurred when pH was increased up to 12.

Experimental evidence indicated that pH is influenced by the ECF
process itself by the concurrent release of hydroxyl ions at the cathode
and hydroxyl removal by hydroxide precipitation, whose extent is in
turn affected by pH. Misra et al. [54] showed that the initial pH of 5 was
gradually increased due to the formation of hydroxyl ions at the cathode,
while a slight decrease was observed when working at an initial pH 9,
due to the consumption of hydroxyl ions. Gao et al. [60] reported that
the pH increased with increasing of current density and electrolysis
time. This effect was attributed to the continuous production of hydroxyl
ions at the cathode with the generation of Al at the anode, in a molar
ratio (AI*t/OH") of 3 or lower. On the other hand, when the initial pH
was increased to 9-10, pH slightly decreased at the beginning, probably
due to the consumption of hydroxyl ions as a consequence of the for-
mation of Al(OH), , while it remained constant afterward, probably due
to the buffer effect of AI(OH);/Al(OH), [60].

Contrasting experimental data can be explained by the fact that the
effect of pH mostly depends on the different parameters of the ECF
process as well as on differences of the medium chemistry (alkalinity and
ionic composition), which are frequently not characterized thus pre-
venting a deeper understanding of the underlying mechanisms.

3.3.3. Salinity and chloride presence

The medium salinity affects the electrical conductivity of the
microalgal suspension, as an increase in the salt content increases con-
ductivity and may lead to a decreasing power demand in the ECF pro-
cess. Also, salinity promotes the compression of the electrical double
layer [19].

A special beneficial role is played by chloride ions. They were proved
to be able to promote the breakdown of the alumina (Aly03) film, which
usually reduces electron transfer through pitting corrosion [85].
Oxidation of chloride ions may lead to the formation of active chlorine
species (e.g. hypochlorous acid, hypochlorite ion) on the electrodes
surface and in the bulk solution. Chloride ions can be oxidized at the
anode to form chlorine gas that may dissolve in the solution to form
hypochlorite ions, which act as oxidant [86,87]. Moreover, if organic
chemicals are present in the microalgae suspension, the generated
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Table 1
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Descriptive statistics for: (a) main ECF operating parameters and microalgae suspension characteristics and (b) process KPIs: minimum, maximum, median, first and
third quartiles (Q1 and Q3). The number of data used for descriptive statistics estimation (# data) and the number of data recognized as outlier by the software (#

outliers) are reported.

Minimum Q1 Median Q3 Maximum # data # outliers

(@) Applied current density (mA/cm?) 0.36 2.72 6.70 15.0 33.3 161 20

Applied potential (V) 0.66 1.80 6.46 10.5 20.0 92 15

Process time (min) 0.5 6.0 15.0 45.0 75.0 174 4

Electrode distance (mm) 5 10 10 20 30 61 11

PH (-) 6.0 7.0 7.2 8.0 9.2 63 9

TSS (mg/L) 16 300 500 1000 1600 157 30
(b) Er (%) 49 76 90 96 100 190 19

SEEC for freshwater (kWh/kg) 0.09 1.05 2.18 5.40 10.47 36

SEEC for marine (kWh/kg) 0.06 0.10 0.65 3.42 7.05 53 5

sMD for iron (kg/kg) 0.007 0.085 0.394 1.157 1.611 18

sMD for aluminum (kg/kg) 0.002 0.019 0.055 0.243 0.443 106 10

chlorine gas would react with them producing chlorine derivatives. Table 2
able

These chlorinated organic compounds are harmful to health and many
of them are carcinogens [61]. Chlorine gas from ECF was not considered
to be hazardous to the general public or site personnel under open air
conditions since ECF did not produce detectable levels of chlorine
emissions [88]. However, the production of chlorinated by-products is
to be considered carefully and would deserve an in-depth analysis.

Active chlorine species can be beneficial to the ECF process by fa-
voring metal oxidation. Indeed, in the presence of chloride, the ratio of
AI*t concentrations over the theoretical value (calculated from Fara-
day’s law) can be up to 200% [85].

As a consequence, significant difference in ECF harvesting efficiency
between fresh and marine algal species has been reported. Vandamme
et al. [33] reported that the minimum sEEC for harvesting of the fresh-
water alga Chlorella vulgaris was 2.1 kWh/kg, while it reduced to 0.2
kWh/kg under salty conditions in case of the marine alga Phaeodactylum
tricornutum. Similar conclusions were reported by Matos et al. [89]
comparing the efficiencies and electric consumption of Nannochloropsis
sp. and Chlorella vulgaris. By using carbon electrodes, ECF harvesting
efficiency of Chlorella sorokiniana and Scenedesmus obliquus increased by
increasing the NaCl concentration in the medium up to 6 g/L [32,39].
Similar results were achieved by Fayad et al. [50] on Chlorella vulgaris
with sacrificial electrodes.

The external supplementation of NaCl to improve ECF efficiency
should be properly considered for large-scale applications as it may
imply some drawbacks. The addition of salts increases costs and poses
some issues related to the return of the growth media to the culture, the
disposal of saline waters, as well as the biological effect of NaCl, such as
the reduced motility of flagellated microalgae [19].

Salinity plays also a role also in the bubble/cell adhesion. Under high
ionic strength, gas bubbles were reported to be larger and with tendency
to rupture more easily, suggesting that a lower flotation efficiency can
be expected on marine species [53].

3.4. Literature data synthesis

Literature data synthesis was carried out in the attempt to summarize
information by means of Minitab software (ver. 19.2020.1) based on
data reported in Table A2. A total of 190 records were processed,
limiting the assessment to research works testing iron or aluminum
sacrificial electrodes, for which a relevant number of observations is
available in literature. From available published information, the main
ECF operating parameters were considered as well as process key per-
formance indicators (KPIs). As for the KPIs, Er, sEEC, and sMD were
analyzed. When not declared by the authors, those parameters were
computed from the published original data. To this purpose, metal

Descriptive statistics (Median [minimum-maximum]) for main ECF operating
parameters (a) leading to optimal process KPIs (b). The number of data after
data-set reduction for each group (freshwater and marine microalgae) is re-
ported. The analysis for Fe was prevented by the limited data-set for freshwater
microalgae (N/A = not available).

Freshwater Marine
Aluminum Iron  Aluminum Iron
# data 20 3 18 9
(a) Applied 1.15 [0.44- N/ 2.46 2.05
current 6.82] A [0.61-12.30] [0.55-5.26]
density (mA/
cm?)
Applied 9.2 [1.2- N/ 1.0 [0.7-5.3] 3.0
potential (V) 20.0] A [1.8-10.0]
Process time 9 [1-60] N/ 8.5[0.512] 6 [1-15]
(min) A
(b) Er (%) 96 [45-99] N/ 84 [47-95] 67.5 [55-98]
A
SEEC (kWh/ 1.07 N/ 0.12 0.34
kg) [0.09-3.37] A [0.06-0.4] [0.18-1.79]
sMD (kg/kg) 0.01 N/ 0.05 0.07
[0.002-0.24] A [0.02-0.08] [0.06-0.19]

dissolution was quantified from the electrochemical process parameters
via the Faraday’s law. It is worth noticing that the data reported in the
literature are often incomplete, making the estimation of KPIs
inapplicable.

Descriptive statistics were determined to aggregate literature data
for main ECF operating parameters (applied current density and po-
tential, process time and distance between anode and cathode) and
microalgae suspension characteristics (pH and TSS), as reported in
Table 1. The software identified outliers (i.e. observations that are at
least 1.5 times the interquartile range above the upper interquartile
value or below the lower interquartile value) for various ECF operating
parameters and microalgae suspension characteristics, which were
excluded from estimation of descriptive statistics, as detailed in Table 1.
Though outliers were automatically detected, they were associated with
experimental setups or experimental conditions that were very much
different from those applied in the majority of the trials, making them
hardly comparable to the remaining data in the dataset.

Data processing evidenced that in most cases current density values
from 0.36 to 33 mA/cm? were applied, with a median value of about 6.7
mA/cm?, while applied potential values varied from 0.66 to 20 V, with a
median value of about 6.5 V. Process time was limited to 75 min, with a
median duration of about 15 min. Maximum distance between elec-
trodes was 30 mm, being about 10 mm the median value for this
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operating parameter. The pH average value was 7.2, with quartile values
indicating that most of tests were carried out over a limited pH range
(7-8). Conversely, TSS concentration was widely dispersed from 16 to
1,600 mg/L. In general, ECF operating parameters and microalgae sus-
pension characteristics varied within very large ranges spanning among
2-3 orders of magnitudes.

Considering KPIs, a significant fraction of literature works reported
Er values higher than 75%, with a median of about 90%. Although these
results indicate the promising nature of ECF, they must be considered in
combination with other KPIs, in the view of assessing process sustain-
ability. As for electric energy consumption, values of sEEC were differ-
entiated between freshwater and marine microalgae, since descriptive
statistics showed significantly different figures. sEEC varied in the
ranges 0.09-10.0 kWh/kg and 0.06-7.0 kWh/kg for freshwater and
marine microalgae, respectively. A different behavior emerged also for
sMD depending on metal coagulant, so experimental data were pro-
cessed separately. A relevant variability is evident also for the coagulant
dosage, which in most cases had to be computed from data declared by
authors by applying the Faraday’s law (from 0.007 to 1.6 kg/kg and
from 0.002 to 0.4 kg/kg, respectively for iron and aluminum), with
median value much higher for iron than for aluminum, as shown in
Table 1. However, it is worth mentioning that the number of data for
iron dosage is small (18), as a consequence of the limited number of
works in which experimental conditions are detailed, so that results
from literature data analysis are questionable. Moreover, observed
variabilities in energy consumption and metal dosage indicate that
previous research works were mostly carried out for assessing process
suitability, often applying completely unrealistic process conditions. So,
it is clear that further research works aimed at promoting process
application under applicable conditions are still needed, particularly
with the aim of assessing influencing ECF operating parameters.

In the view of identifying some ranges for optimal ECF operating
parameters, the database has been further cleaned up by two following
steps: (i) records referring to extreme conditions for operating parame-
ters and microalgae suspension characteristics (outliers as previously
stated) were removed, (ii) data-set was reduced so as to maintain only
records belonging to the top 50% results for sEEC and sMD, thus opti-
mizing energy consumption and coagulant dosage. Descriptive statistics
on ECF operating parameters for this selected data-set are summarized
in Table 2, except for ECF process performed by iron electrodes on
freshwater microalgae, for which the analysis was prevented by the
limited number of data. Although these ranges remain quite large, they
are still much narrower that the initial ranges.

Descriptive statistics in Table 2 provide an indication on optimal
operating parameters, suggesting that highest performance for sEEC and
sMD were obtained for values of applied current density and process
time belonging to the lowest part of the range reported in literature for
these operating conditions. In addition, the significant difference be-
tween freshwater and marine microalgae was confirmed for aluminum
electrodes, with the marine microalgae characterized by lower values
for applied potential at similar applied current density, possibly as a
consequence of the higher medium conductivity. Such difference is
responsible for lower energy consumption values. No indications could
be identified for electrode distance, due to the lack of sufficiently
informative data in literature. It is important to point out that ranges
reported in Table 2 should be considered as a coarse reference for pro-
cess design, while a detailed cost analysis should be carried out to assess
process sustainability, as discussed later. Finally, since predictors for
process efficiency based on microalgae suspension characteristics could
not be identified from literature data, case-specific pilot-testing activ-
ities appear as a fundamental preliminary phase when approaching
microalgae harvesting via the ECF process.
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4. Metal contamination
4.1. Metal concentration in biomass and residual water

When using ECF, the aluminum concentration in algal biomass and
processed water should be kept as low as possible due to its harmful
effects to the human health and environment. Aluminum release de-
pends on the current density and ECF time according to the Faraday’s
law. Aluminum content found in the literature for Chlorella spp. biomass
ranged from 0.56 to 3.2% depending on the ECF parameters: for
example 0.56% and 1.4% after 10 min ECF at 3.3 and 8.3 mA/cm?,
respectively [8], 0.9+0.1% after 30 min of 6.7 mA/cm? at pH 4 [50].
Vandamme et al. [33] found that the aluminum content in algal biomass
can approximately double in the case of prolonged ECF: in Chlorella
vulgaris, treated at 1.5 and 3 mA/cm?, the content of 0.6% and 1.4%
after 10 min rose to 1.4% and 3.2% after 30 min. Similar results were
observed with the marine microalga Phaeodactylum tricornutum, where,
at 0.6 and 1.5 mA/cm2, Al-content of 0.75% and 1.2% after 10 min rose
to 1.2% and 2% after 30 min [33]. In Desmodesmus subspicatus, the
aluminum content varied in the range 9.9-17.56 mg/g of biomass
depending on different combinations of the current (1-3 A) and expo-
sure time (10-20 min) [67].

In the liquid phase of Chlorella vulgaris culture, the same trend was
observed at 1.5 and 3 mA/cm?: the aluminum content was 0.6 and 1.3
mg/L after 10 min, and 2.1 and 2.7 mg/L after 30 min [33]. In
P. tricornutum liquid phase, the time-related difference was not as pro-
nounced. Fayad et al. [50] found that aluminum content in the liquid
phase was 1.2 mg/L after 30 min at 6.7 mA/cm? and pH 4. In Baierle
et al. tests with D. subspicatus, the aluminum content in the liquid phase
varied between 2.85 and 16.24 mg/L depending on the current and
exposure time combinations [67].

Although rarely measured in ECF tests, the accumulation of iron was
analyzed in the D. subspicatus biomass in Baierle et al. study [67]. The
iron concentration (14-46 mg/g of biomass) in the biomass was found to
be higher than with the aluminum electrodes (10-18 mg/g of biomass)
at the same ECF conditions. In contrast, the content of iron in the liquid
phase was lower: 0.15-4.9 mg/L for iron vs. 2.85-16.24 mg/L for
aluminum [67].

Although some important studies have already been performed, it
has to be noted that the available data are yet insufficient to properly
address factors affecting the apportioning of metal released from the
electrodes between the liquid and solid phase.

As pointed out by the calculation of the metal dosage according to
the Faraday’s law (sMD), a number of literature works have been con-
ducted by applying unrealistically high metal dosages (as high as 1.61
and 0.443 kg of metal per kg of harvested biomass for Fe and Al,
respectively, see Section 3.4) which would result in unacceptable pro-
cess costs, metal contamination of the harvested biomass, and metal
toxicity (see following Section 4.2). Therefore, in the ECF operation
sMD should be maintained within reasonable values since effective
separation can be achieved with sMD < 0.096 kgFe/kg and < 0.131
kgAl/kg for freshwater algae, and sMD < 0.063 kgFe/kg and < 0.052
kgAl/kg for marine microalgae (as discussed in Section 3.4).

4.2. Metal toxicity

Metal content in the aggregated algal biomass and remaining liquid
can potentially cause health and environmental problems.

Aluminum and iron are already naturally present in the soil and can
become toxic at higher concentrations, especially in the acidic envi-
ronment. If improperly used, the ECF-obtained algal biomass and re-
sidual liquid for the soil fertilization and irrigation could thus result in
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the toxic effects. Aluminum is widely recognized as one of the most
important limiting factors to crop production in the soils with a pH
below 5.5 [90]. The aluminum in soil reduces the crop growth and root
cell expansion, thus reducing the water and nutrient uptake [90-92]. It
also irreversibly binds with phosphorus in the soil or in cells, making it
unavailable for the plants growth and development [90]. This causes a
huge problem in the phosphate-deprived and acidic soils. The most toxic
forms are typically the monomeric and hydrolyzed forms [90]. Toxicity
of aluminum in the soil is strongly related to the soil parameters and
crop sensitivity, so generalization of the limiting concentration is not
easily assessable. Aluminum concentration in the fertilizers is also not
set by the new EC regulative for fertilizing products [93]. Limits exist for
the irrigation water though, namely 5 mg/1 for the long-term use and 20
mg/1 for the short-term use [94]. Most of the remaining water from the
ECF studies in Section 4.1 complies with the Food and Agricultural
Organization (FAO) limits for the long-term irrigation and all for the
short-term.

Iron is a microelement essential for the plant growth, but it is needed
only in very low concentrations. Although iron deficiency is the usual
concern in the crop production, iron can become toxic in the acidic
environment as it reduces the availability of phosphorus and manga-
nese. The maximum allowable limits of heavy metals in soils and veg-
etables have been established by the standard regulatory bodies such as
World Health Organization (WHO) and FAO, indicating the limits for
iron concentration in the irrigation water as 5 mg/1 for the long-term use
and 20 mg/1 for the short-term use [94], although in some regulations
can be even as low as 0.50 mg/L, 50 mg per gram of soil and 425 pg/g in
vegetables [95]. Baierle et al. [67] reported that the iron content in final
biomass and the broth was considered harmless to humans or animals,
and indeed it didn’t exceed the limit for irrigation set by FAO (2003),
although the iron concentration in algal biomass is higher than the
limitation for vegetables [95]. The iron in the broth may cause the
formation of a brown-colored iron-algae slurry [53], making the valo-
rization of algae problematic. The colored water also reduces light
penetration and affects the microalgae photosynthetic activity, and
consequently severely limits the use of iron electrodes if the remaining
water is planned to be re-used for the algal cultivation [59].

Aluminum effects on the algae are difficult to generalize due to the
various sensitivity. As in the crops, aluminum may bind with the phos-
phorus and reduce its availability also in water [90]. It can decrease the
photosynthetic rates of algae [90] and probably induce the deficiency of
magnesium, which is the central element of chlorophyll [91]. Aluminum
concentrations as low as 52 pg/1 can result in the total growth inhibition
of microalgae (genus Chlorella and Scenedesmus) [96], so based on the
Al-concentrations in the liquid phase after ECF [12,38,55], the
remaining liquid could be reused for algal cultivation only if severely
diluted.

For the aquatic animals, aluminum has been identified as a possible
cause of reduced survivorship or impaired reproduction of the in-
vertebrates, amphibians and fish, for example mucification and
inflammation of the fish gill tissues which block the diffusion of O, and
CO;, through the gills [90]. Great care should thus be taken if the re-
sidual water is reused in the aquaculture [90]. Chronic harmful effects of
the exposure to aluminum in the freshwater environment can be
observed already at concentrations of 0.63-3,200 pg/L (depending on
the water chemistry conditions [97]), indicating that the water
remaining from ECF could not be used in undiluted form.

If ECF harvested algal biomass is utilized for the animal feed, care
should be taken as metals can accumulate in the animal tissues. Con-
centrations of aluminum in the plant tissues are also of concern because
of the plant based diets of many farm animals [90]. The principal effects
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of aluminum on mammals include the reduced food intake, decreased
weight gain in the young animals or weight loss in the adults, depressed
serum magnesium and phosphorus, and increased aluminum concen-
trations in some tissues. In humans, the elevated aluminum body content
has been correlated with serious health conditions like the Alzheimer’s
disease, encephalopathy, renal osteodystrophy, Parkinson’s disease and
other nerve and brain disorders [50,67]. The FAO limiting values for the
provisional tolerable weekly intake were set to 2 mg/kg body weight for
all aluminum compounds in food, including additives, and the provi-
sional maximum tolerable daily intake of 0.8 mg/kg body weight for
iron [98]. This means only few grams of ECF harvested algae could be
eaten per week.

Vandamme et al. [33] states that the maximum limit of aluminum
content should be < 1% in the biomass and 2 mg/L in the remaining
water. According to his proposal, this has already been achieved in
several ECF studies with the high microalgae recovery efficiency
[8,33,50,67].

5. Costs of ECF

The objective of this section is to provide some general assessment of
ECF costs and compare them to reference technology such as conven-
tional flocculation and DAF process.

Since no direct comparison among parallel real installations treating
similar algal suspensions is available, cost information has been deduced
based on the previously discussed literature data. Costs disclosed in
published papers are not easy to compare since the assumptions used in
the evaluations are often lacking, and consumptions of electric energy
and of metals are case-specific. In addition to this, the cost comparison is
affected by the level of integration, location, branding margin, maturity
of technology, place of manufacture, etc. The objective of this section is
therefore limited to calculate the order-of-magnitude cost information to
compare it with similar conventional processes, being aware that the
published cost information of the conventional processes suffers from
the same problems.

First, equipment complexity can be compared by considering the
main components of each technology:

e DAF: flocculant preparation, pH adjustment (optional), flocculation
mixer, DAF vessel, skimmer, compressor and air drum;

e ECF: pH adjustment (optional), mixer (optional, depending on the
fluid-dynamics, mixer may be not required), ECF vessel, skimmer,
electrodes and power supply.

The above list of basic components suggest that system complexity is
quite similar for both technologies. Moreover, footprint and size are
typically in favor of ECF [99]. This shows that there is no fundamental
difference in the equipment cost; any commercial difference is caused by
branding, market positioning, integration, technology transfer, fashion.

Therefore, operational costs (OPEX) more than construction costs are
to be compared to evaluate the economic viability of ECF.

OPEX can be evaluated by adapting the approach suggested by
Golzary et al. [34]. The applied model uses the specific electric and
metal consumptions as follows:

OPEX = sEEC x Cy + sMD x C,, @)

where Cg and Cp are the unit price of electricity and metal,
respectively.

To quantify the OPEX according to Eq. (7), sEEC and sMD values were
retrieved from the median values reported in Table 2, separately
computed for Fe and Al and for fresh and marine microalgae (with the
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exception of Fe on freshwater for which not enough data were avail-
able). As for cost items, the following values were used:

e Cg: 0.119 €/kWh weighted EU27 average using the most recent na-
tional data for the quantity of consumption by non-household con-
sumers, with non-recoverable taxes and levies included but VAT
excluded (Eurostat, 2019 [100]);

Cp: metal costs were assessed from EU market values, as 0.58 €/kg
for iron (MEPS, 2020 [101]) and 1.55 €/kg for aluminum (Forbes,
2020 [102]). These values were multiplied by a factor 2.5 which
considers more realistic retail costs. Note that these costs are higher
than those recently assumed by Parmentier et al. [71] (0.079 €/kg for
iron and 3.51 €/kg for aluminum).

According to the above-mentioned assumptions, the final OPEX
values were:

o freshwater microalgae: 0.166 €/kg for aluminum.
e marine microalgae: 0.14 €/kg and 0.22 €/kg as for iron and
aluminum, respectively.

According to Golzary et al. [34], CAPEX costs account for the 13% of
the overall costs, and, by assuming a similar proportion of CAPEX over
total costs, our estimates would finally result in 0.19 and 0.25 €/kg for
marine and freshwater microalgae, respectively, using Al, and in 0.16
€/kg for marine microalgae using Fe. Although the sEEC is lower for
marine than for freshwater microalgae, the larger metal dissolution (as
sMD and corresponding metal cost) compensates for the energy saving,
eventually leading to a slightly higher overall cost.

These values are comparable with those of other technologies used in
microalgae primary concentration (from 0.18 to 0.48 AUD/m® [75]). It
is worth noting that the values of sEEC and sMD refer to tests performed
under very wide operational conditions. A significant reduction is ex-
pected from the optimization of the ECF process.

In conclusion, the above reported cost assessment shows that the
order-of magnitude costs are comparable between processes, which
means that proper optimization in best-fit applications can potentially
render ECF harvesting as the most cost-effective process.

6. Comparison with conventional coagulation/flocculation

Compared with conventional coagulation/flocculation processes,
ECF allows many advantages: (i) no anions such as sulfate and chloride,
which are always coupled with traditional coagulants, are introduced in
the microalgal biomass; (ii) a lower dosage of coagulant is required; (iii)
pH adjustment is unnecessary since ECF performs well at broad pH range
[11,15,103]; (iv) alkalinity consumption by hydroxides formation is
compensated by OH™ ions generation at the cathode; (v) microbubbles
are produced at the electrodes that contribute to the harvesting through
flotation [60]. Moreover, the flocs produced in ECF have less water, are
larger and more stable [34], thus reducing the volume of the harvested
solids. In addition, economic advantages are also claimed, including
relatively low investment, maintenance and operational costs. Further-
more, ease of automation and compact size of ECF system makes it
adequate in small scale systems [37].

On the other hand, drawbacks have been recognized. The sacrificial
anodes are dissolved as a result of oxidation and need to be periodically
replaced and an impermeable oxide film may be formed on the cathode,
leading to loss of efficiency. Electric costs are the major operational costs
which make ECF more competitive in highly conductive suspensions,

11

Separation and Purification Technology 271 (2021) 118684

although, in some cases pre-treatments (pH adjustment, equalization,
...) may be required [38].

A dated assessment was carried out by Aragén et al. [104], that
compared the efficiency of coagulation/flocculation with aluminum
sulfate [Aly(SO4)4+18H,0] and ECF with aluminum electrodes for the
harvesting of microalgae (80% Scenedesmus acutus and 20% Chlorella
vulgaris) grown on wastewater. Their results showed that ECF was more
effective than flocculation, due to a faster harvesting time, a lower
probability of contamination of recovered microalgae with metallic
hydroxides and a lower total cost.

More recently, Vandamme et al [33] compared the dosage of
aluminum through ECF with some data reported in the literature about
conventional coagulation/flocculation. In their ECF experiments, the
aluminum dosages for harvesting Chlorella vulgaris and Phaeodactylum
tricornutum were 3.5 mg/L and 1.7 mg/L, respectively [33]. These data
have been compared to the results achieved by flocculation with Al,
where the corresponding aluminum dosages were 7.2-23 mg/L [25] and
120 mg/L [105]. It was concluded that ECF is more efficient in terms of
aluminum consumption than coagulation/flocculation with alum.

Golzary et al. [34] observed that conventional coagulation/floccu-
lation was highly sensitive to pH variations, so that if the pH of the
medium was not in the narrow interval of 4.5-5, flocs would not form
satisfactorily, and effective separation would not be achieved. Instead,
ECF was less sensitive to pH changes and had a good performance in the
natural pH of algae medium, with no need of pH adjustment. They
showed that in coagulation, the cost of coagulant was around 1.5 USD/
m>, without considering the cost of providing alkalinity. On the other
hand, the operational costs of ECF were estimated in 0.024 USD/m°,
with no need of alkalinity supplementation due to water hydrolysis [34].

Lately, Guldhe et al. [52] reported that ECF of A. falcatus achieved a
higher Er compared to conventional coagulation/flocculation with chi-
tosan and alum. In detail, 91% separation was achieved by ECF in 30
min instead of 55% and 86% obtained respectively by chitosan and alum
over 60 min process time. It is worth noting that alum could hamper the
downstream processing of biomass for extraction and conversion of lipid
and could also deteriorate the quality of harvested biomass, while chi-
tosan flocculation is reported to be pH dependent and needs a pH
adjustment. In terms of recovery efficiency and process time, centrifu-
gation was found to be the best harvesting method. In the same work,
ECF was compared with centrifugation. Although similar recovery effi-
ciencies were obtained, the energy consumption for centrifugation was
65.3 kWh/kg, while ECF consumed 1.8 kWh/kg [52].

7. Electro-dewatering of microalgae

In the view of a two-step approach for microalgae dewatering,
filtration and centrifugation are usually considered as the best options to
follow the ECF process. Conventional dewatering technologies can
hardly get dry matter contents higher than 15-30% [75,106]. An
emerging alternative consists in the application of an electric field for
the dewatering of the recovered microalgae paste, which still contains a
considerable amount of water. Electro-dewatering (EDW) is a recent
technology that allows increasing the water removal efficiency with
respect to the conventional dewatering devices. It is based on the
application of an electric field, which favors the migration of the
negatively charged particles towards the anode by electrophoresis,
while water is transported through the suspension towards the cathode
by electro-osmosis, where it can be easily removed [107,108].

In typical EDW tests, the applied voltages are in the range of few volts
to several tens of volts [108]. Similarly to ECF, electrochemical reactions
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are produced at the anode and the cathode, as those reported before
(water electrolysis as in Eqgs. (1) and (2), and metal dissolution as in
Table Al).

Differently from ECF, the oxidation of the anode is an undesired side-
effect since it reduces the process efficiency and increases the operating
costs [108]. Raats et al. [109], Saveyn etal. [110] and Zhangetal [111]
reported that the corrosion of the anode can be suppressed by using ti-
tanium coated with mixed metal oxides plates or meshes, such as IrOs3-
coated titanium.

So far, electro-dewatering has been mainly investigated on sludge
[112-115] and soil [116-118] and it has been demonstrated that high
dewatering efficiencies can be achieved, depending on the suspension
characteristics and the operating conditions. As for sludge, EDW may be
considered also as an alternative to thermal drying due to its lower
energy consumption. In fact, literature reported that EDW process can
decrease the energy consumption up to 25% to achieve a sludge dryness
up to 60% [107,113,119].

Though this is a new technology in the field of microalgae, lately,
Cao et al. [120] studied the influence of operating conditions, namely
voltage, ionic strength and mechanical pressure, on the electro-
dewatering performance of Microcystis aeruginosa and on extracellular
organic matter (EOM) regionalization. They found that the efficiency of
electro-dewatering increased with voltage and ionic strength, but
decreased when ionic strength was>0.006 gNaCl/gTSS. Moreover, the
content of dissolved organic matter in the filtrate increased with voltage
and ionic strength, suggesting that a large amount of EOM was dissolved
during EDW [120].

In order to be economically sustainable, electro-dewatering should
be preceded by pressure dewatering [107] since the application of the
electric field at the beginning of the process does not show any beneficial
effect to the water removal. This may be related to the fact that floc-
culated particles are too large to be transported by electrophoresis [108]
and high electrical conductivity of the suspension increases the elec-
trical energy consumption with no significant effect on the final dry
matter.

In summary, electro-dewatering may be coupled to ECF as a second
step for dewatering, in place of conventional centrifugation and filtra-
tion, but also as a further step, to increase the dry matter content at
lower energy consumptions than thermal drying processes.

8. Summary and further research needs

Although available literature supports the interest towards the
application of ECF to microalgae harvesting, conflicting data are re-
ported about the optimal values of the operational parameters to adopt
as well as about how relevant factors affect the process efficiency.
Indeed, by considering the whole data-set of published experimental
trials, process parameters (current density, potential, process time,
electrode distance, pH, TSS) varied within a quite large range (up to two
orders of magnitude). Nonetheless, by considering only those experi-
ments performed under efficient operational conditions in terms of
specific electric consumption and specific metal dosage, this range could
be narrowed, as reported in Table 2. KPIs values were distinguished
according to the anode metal (Al and Fe) and to the microalgae (marine
or freshwater). Al was found to be more efficient than Fe as for all KPIs
(Er, sEEC, sMD). Moreover, for Al anodes, sSEEC was found to be one
order of magnitude lower when ECF is applied to marine microalgae
since the applied voltage required to maintain the current density is
significantly lower. Insufficient data were available to confirm this
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finding for Fe anodes. A preliminary cost analysis shows that ECF costs
(ranging from 0.16 to 0.25 € per kg of separated biomass) are compa-
rable with those of other technologies used in microalgae primary
concentration.

For a more effective comparison among literature data, the use of
unified parameters when describing experimental activities would
greatly help, facilitating data interpretation. We suggest to provide the
following data:

- To assess process performance: biomass recovery efficiency (sepa-
rated microalgal biomass/total microalgal biomass), dry matter in
the recovered algal paste (gDM/100 g), metal content in the recov-
ered algal paste (gMe/kgDM), specific energy consumption (kWh/
kgDM), specific metal consumption (gMe/kgDM).

To address operational conditions: set-up geometry (especially
electrode area and electrode distance), type of electrodes (material,
shape), electric energy application (AC, DC, fixed voltage/current,
current density applied A/cm?, voltage/current values, power con-
sumption), metal dissolution compared to Faraday efficiency, fluid
velocity and its gradient.

- To assess parameters affecting the ECF process: initial and final pH,
alkalinity, main ionic profile and conductivity, temperature, zeta
potential of the algal biomass suspension, isoelectric point of the
algal biomass.

To assess the microalgae type: strain when available, culturing me-
dium, marine/freshwater, shape and motility.

Other information that could be relevant such as: residual metal in
the liquid phase, preservation of relevant algal biomass character-
istics (e.g. vitality, pigments or lipid content), comparison with other
coagulation alternatives.

A comprehensive design of experiment that takes into consideration
the above listed parameters of interest would allow drawing more robust
conclusions on optimal operational intervals, reporting them as a
function of the algae suspension characteristics and expected final
valorization of the algal biomass.

There are still many research areas to be explored and future work to
be done before we can claim maturity of the technology. We can name
but a few that deserve addressing:

e Deepen the understanding of ECF with Mg electrodes (non-toxic) and
MgAl alloys;

Design of continuous ECF reactors: hydrodynamic issues, zones with
higher fluid velocity (e.g. over electrodes) and zones of lower fluid
velocity (e.g. for flotation);

Electrode cleaning issue by developing optimized reactor geome-
tries, as well optimized frequencies/modalities of the cleaning
procedures;

Process modelling, including flotation process modelling (multi-
phase CFD);

e Process control/feedback mechanisms to optimize performance and
minimize metal use/release into biomass and/or water, excessive
foaming;

Explore the use of hybrid systems: sacrificial and non-sacrificial
electrodes, augmentation with chemical flocculants/polymers,
augmentation with dissolved air, sedimentation and flotation (floc-
culation and flotation are essentially independent processes and
there is no guarantee that they are both running at optimal rate by
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just ECF, one of the augmentations may improve the process that is
suboptimal);

e Explore the use of micro ECF chambers where flow is mostly laminar
emphasizing the electrophoretic effects);

e Reduce the overall costs by studying the re-use of the evolved gasses;

e Integrated ultrasonic that may help in electrode cleaning and
contribute to smaller bubble size;

Upon process optimization, ECF may become an effective alternative
in microalgae harvesting, with reduced process costs and improved
quality of the harvested algal biomass.
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Appendixe

See Fig. Al and Tables Al and A2.

Diffuse layer

W, = Surface potential
W, = Stern potential
& =Zeta potential
1/k = Double layer thickness

Fig. Al. Structure of the electric double layer, with the corresponding potential distribution with distance from the particle wall.

Table Al
Chemical equilibria at Fe and Al anodes.

Couple Chemical reaction Algebraic equation (concentrations in M, E in V)
Fe?* /Fe?t Fe3t 4 e~ —Fe?t E =077
Fe?* /Fe Fe?* 4 2e”—>Fe E = —0.45 + 0.030log[Fe?"]
FeO(OH) /Fe?* FeO(OH) + e~ + 3H"—»Fe?* + 1HOH E = 1.00—0.177pH —0.059log [Fe**]
FeO(OH)/Fe(OH), FeO(OH) + e~ + H'—>Fe(OH), E = 0.30 —0.059pH
Fe(OH), /Fe Fe(OH), + 2¢~ + 2H" —Fe + 2HOH E = —0.10 —0.059pH
FeO(OH) /Fe3* FeO(OH) + 3H*—Fe®* 4+ 2HOH 3pH = 3.9 —log[Fe®*]
APt /Al ABT 4 3e" Al E = —1.68 + 0.020log[AI**]
Al(OH), /Al Al(OH), + 3e~ + 3H'—>Al + 3HOH E = —1.47 —0.059pH
Al(OH), /Al Al(OH),” + 3e~ + 4H"—Al + 4HOH E = —1.23 -0.079pH + 0.020log[Al(OH), ]
Al(OH), /A" Al(OH); + 3H* A" + 3HOH 3pH = 10.2 —log[AI**]
(OH),~ (OH)

AI(OH),” + H'—AI(OH), + HOH

pH =12.4 + log[Al(OH), |
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Table A2
Comparison among results of EC, EF and ECF tests performed on microalgae reported in literature.
Microalgae Test conditions Electrodes Recovery efficiency Electric energy IMain results Ref.
iconsumption
4 anodes, 8 cathodes |4 anodes, 8 cathodes . Decreasin it lead
DISTANCE: 185 mm DISTANCE: 185 mm e oot
0 95.5% (t=35min, 85V) e 1.983 kWh/m? oa Sowe" recovery bu
) 0 88.7% (t=35min, 52V) 16 0.919 kWh/m? consumes less energy
Coelosphaerium sp. 081 1% (=35 min, 38 V) s 0.443 KWh/m? o Decreasing the total
éfhf”’.zome”"” P+ |REACTOR: Bafch ECF 0 52.2% (t=45 min, 18 V) s 0.135 KWh/m? Sﬁ"fofedorefb"f the |
ostenum sp. CV MODE:18-85 V (0.9-4 ‘ 3 anodes, 6 cathodes |4 anodes, 8 cathodes | ©cC10ces Dy using fess
Pediastrum sp. IANODE: Al (2-4) DISTANCE: 265 mm DISTANCE: 185 mm cathodes and anodes)
Cryptomonas sp. ECF TIME: 0-75 min ICATHODE: Pb (4- e 97.4% “:'45 min, 85V) s 1913 kWh/m3 and increasing the A/C (Poem;jem\
provrasirum se. A/C DISTANCE: 185-265 ) «97.4% (=45 min, 57 V) |s 0.855 kWh/m? distonce leads lo lower
P mm 0 96.3% (t=75 min, 26.5 V) |s 0.331 kWh/m? oy P
(Cyclotella sp. Fouling of the cathodes
. 12 anodes, 4 cathodes {4 anodes, 8 cathodes 3
elosira sp. DISTANCE: 265 mm DISTANCE: 185 mm causes a decrease in the
e 94.9% (t=45 min, 85 V) e 1.721kWh/m?3 current infensity of 5-10%
0 95.9% (t=45 min, 57 V) |s 0.770 kWh/m?3 * ECFis less expensive than
e 85.8% (=75 min, 26.5 V) le 0.289 kWh/m? ofher separation processes
IANODE: Fe 1 mA/cm?2
ICATHODE: Fe ©789% atpH=7
REACTOR: Batch ECF 1 mA/cm2 .
CC MODE: 0.5-5 s 87.2% at pH=10 0.2 kWh/m3 o Current den;ﬂ_y affects
. (pH=7,i=0.5 mA/cm?) | recovery efficiency
mA/cm? © 90.0% at pH=9
. . ) . ) _ ®2.3 kWh/m?3 o Al more efficient than Fe
icrocystis ECF TIME: 15-75 min © 99.0% at pH=8 (PH=7, =5 mA/cm?) s Acidic pH improves (Gao et .
aeruginosa A/C DISTANCE: 10 mm |ANODE: Al » 100.0% at pH=7 ! recovery efficiency due 1o 20100)
MIXING: 200 rom ICATHODE: Al . . 1mA/cm2, pH=7, 15 Y >ncy
pH: 7-10 1 mA/cm2, pH=7, 15 min Imin charge neutrollzohopl
T 18-36 °C ®46% atT=18°C e 0.36 kWh/m? (18 °C) o Tfavors recovery efficiency
0 86% at T=27°C o
e 98% af T = 36 °C 0 0.24 kWh/m?3 (27 °C)
° e 0.16 kKWh/m3 (36 °C)
REACTOR: Batch ECF 2 mA/cm?, pH=7, 60 min o Recovery efficiency
. . CC MODE: 0.5-5 : » 80.3% [CI]=0 mM increases with [CI] (higher
aé%olcny;g:; mA/cm? éﬁ%’gbé‘ A 0 94.5% [CI]=1 mM conductivity, reduction of | g5l
9 ECF TIME: 45-75 min : ® 99.5% [CI anode passivation, pitting
A/C DISTANCE: 10 mm * 100% [CI corrosion)
MIXING: 200 rom e 90.0% [CI]= 8 mM
[CI]: 0-8 mM
® Increasing the voltage
improves recovery
efficiency and shortens ECF
fime
 The floc size of microalgae
is bigger and it increases
REACTOR: Batch ECF + 60 V, =30 min quicker by integrating
AIR DIFFUSER ® 93.6% at 0 mL/min dispersed air flotation to
CV MODE: 15-60 V 60 V, toar=12 min ECF
Botryococcusbraunii ECF TIME: 0-30 min IANODE: Al © 95.4% at 15 mL/min o The maximum recovery oetal, 2010)
k4 A/C DISTANCE: 100 mm [CATHODE: Al 60 V, toar=10 min efficiency in the integrated :
AIR FLOW RT: 0-60 ® 98.6% at 30 mL/min process is lower due to the
mL/min 60 V, toar=8 min high shear stress and
pH: 7-12 ® 93.6% at 60 mL/min turbulence
» The recovery fime
decreases increasing the
pHfrom7to 11
o The recovery efficiency
decreases at a pH=12
because of algal lysis
. " ©80% (I=1 A, =5 min) o Harvesting rate of the
(Chiorella sp. EEAFCTOR' Contfinuous © 100% (I=1 A, t=20 min) mixture of Cyanobacteria
X and Chlorella is slower, and
;:OC/QAODE‘ 0.5-1.0-1.5- IANODE: Al e 22% (1=0.5 A, =120 min) a higher current is required | pearsali et ol
Chlorella sp. + ECF TIME: 40 min ICATHODE: Al 0 50% (I=1.0 A, t=120 min to maximize recovery 21
IAthrospira A/C DIST;ANCE' 5mm ©67% (I=1.5 A, =120 min) o ECF leaves residual metals
FLOW RATE: ]_5' mL/s ©77% (1=2.0 A, =120 min) in the concentrated
) microalgae
(Chlorococcus sp. 10V, t=15 min 3-5-10 V, t=3-15 min ® IP=-87mV /-10.5mV
(saline) REACTOR: Batch ECF e * 98% ©0.12 - 9.16 kWh/kg o Tfavours recovery
CV MODE: 3-10 V gggDE. Stainless 10 V, =15 min 3-5-10 V, t=3-15 min efficiency (higher
) ECF TIME: 3-15 min CATHODE: o 99% 0 0.15 - 4.44 kWh/kg conductivity) euren
fefraselmis sp. A/CDISTANCE: 5mm | i = 10V, t=15 min » Salinity favours recovery
(saline) pH: 4-9 0 95.2% at pH=4 efficiency (higher
° 95.3% at pH=5 conductivity)
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Table A2 (continued)

© 95.6% at pH=7 » No difference between pH
°© 96.2% at pH=8.3 4and 9
0 94.8% at pH=9
(Chlorella vulgaris REACTOR: Batch ECF AL 3 mA/cm2, pH = 8 Al, 1.5-12 mA/cm2, o Al more efficient than Fe
(freshwater) CC MODE: 1.5-12 i 1'6»92‘7 P PH=8  Recovery efficiency
mA/cm? IANODE: Al Fe ° » 1.3 - 34.3 kWh/kg !n'c.reqses by reducing the
Phaeodactylum r(')rAvéA/scrv'v2 CATHQDE: DSA o IS':;:‘rﬁ':gr*nproves ECF Rttt
icornutum ECF TIME: 10-30 min (IrO2/TiO2) |Al, 3 mA/cm?, pH=8 |Al, 0.6-3 mA/cm?2, pH=8 efficiency
(marine) SETTLING TIME: 0-30 min * 56-78% #0217 kWh/kg o 0.5-2mg/L of Al remains in
MIXING: 0-200 rpm solution
t=15 min t=15 min o No significant difference in
©99% » 1.23 kWh/kg the efficiency with Al-Pt
=5 min '.osgglgwmkg o ilrl(s’i/\clo?wssémes an
POLARITY *95-6% (P1:P2=1.0:1.5) " 5y b0 0:1.5) average of 0.06 kWh/kg
EXCHANGE t=10 min less than AI-DSA
IANODE: Al #=10 min o 0.98 kWh/kg o Polarity exchange in ECF is
X " CATHODE: DSA  [¢ 95.9% (P1:P2=1.0:1.0) (P1:P2=1.0:1.0) a cost-competitive
REACTOR: Confinuous /b0 ©99.9% (P1:P2=1.0:1.2)  |s 1.01 kWh/kg technology )
CC MODE: 0.25 A (P1 :P?zl .0:1.2) » No s@mf_wconi difference in
POLARITY k=15 min t=15 min total residual Al for Al-Pt
. EXCHANGE 099.9% (P1:P2=1.0:1.5)  [° 123 kwWh/kg ond AlDSA slectrodes
lannochloris oculata ECF TIME: 2.5-20 min (P1:P2=1.0:1.5) o Cell viability decreases with| (kimet al. 2012)
N~ ECF time (accumulation of

(A/C DISTANCE: 10 mm Al and/or reactive chlorine

IMIXING: 150 rpm . species)

I;IﬁvggATE. 10 mL/min e ALDSA has a

o POLARITY dehydrogenase activity 8%
EXCHANGE t=15 min =15 min higher than Al-Pt
IANODE: Al ©99% ® 1.19 kWh/kg » Microalgal cells can live
CATHODE: Pt longer and healthier with
Al-DSA
o Increasing duration of P2
has no negative effect on
flotation
o Performance of ECFis
substantially enhanced by
increasing the duration of
P2
REACTOR: Batch EC Supernatant after settling Sup.emutunt after o EC Iniegroigd with EF )
::V MODF. 0V [§ A) 0 85% (5.0 V, 160 s) settling B negds less time to oc_:hleve
CF TIME: 0.5-1 min From raceway pond # 0.173 kWh/m?3 (t=60's) | a higher concentration
MIXING TIME: 15 min 0 95% (5.2 V, 1=60 ) From raceway pond with respect to EC
SETTLING TIME: 30 min S ©0.181 kWh/m? (=60's) | integrated with mixing and
N From raceway pond - .
IMIXING: 191 rpm 0 92% (53 V, t=30 ) From raceway pond settling (smaller footprint
H: 8.4 /ANODE: Al o 0 0.091 kWh/m? (t=305s) | area)
[Tetraselmis sp. CATHObE' A o EC integrated with EF (Lee et al. 2013)

REACTOR: Batch ECF ) consumes 1.7 times more

CC MODE: 10 mA/cm? energy than by using ECF

ECF TIME: 2.8-9.2 min ©87% (150 mm) » 0.155 kWh/m? (150 integrated with mixing +

/A/C DISTANCE: 50-300 mm) settling

mm o ECF may be an

pH: 8.4 economical harvesting
technique

o Current density and EC
duration affect recovery
efficiency

¢ 8.2mA/cm2for 10 min is the

REACTOR: Batch ECF 8.3 mA/cm?, tsem=30 min optimal condition

CC MODE: 0.8-16.7 ® 97% t=10 min » Recovery efficiency

mA/cm? 3.3 mA/cm?, tsem=30 min increases with the
annochloropsis sp ECF TIME: 1-15 min IANODE: Al © 91.8% - 30 cm2?/L e >0.06 kKWh/m?3 electrode area (Matos et al.,
' |SETTLING TIME: 30 min — |CATHODE: Al 0 93.7% - 60 cm?/L (RE>95%) o Recovery efficiency 2013a)

24 h © 97.4% - 90 cm?/L decreases when TSS is too

/A/C DISTANCE: 10 mm 0 98.5% - 120 cm2/L high (3.9 g/L)

IMIXING: 150 rpm © 98.9% - 180 cm?/L » No significant change in
the oil content and
composition

o Slight decrease of total
pigment amount after ECF

(continued on next page)
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Table A2 (continued)

o EC before centrifugation
decreases drastically the
harvesting energy demand

3.3 mA/cm?2, =10 min
© 70.9% - tsem=30 min

® 98.4% - tserii=24 h

8.33 mA/cm2, =5 min
® 77.4% - tsem=30 min
©96.7% - tseni=24 h

8.33 mA/cm2, =10 min
[annochloropsis sp. © 93.1% - tsem=30 min » 0.03 kWh/m?3 (RE=80%)
©99.7% - fsemi=24 h

8.33 mA/cm?2, t=15 min
© 97.2% - tsen=30 min
©99.9% - tsem=24 h

16.67 mA/cm?2, t=10 min

REACTOR: Baich ECF o 97.5% - tien=30 min

CC MODE: 3.3-33.3

More energy is required to

mA/cm? © 99.2% - tsem=24 h achieve recovery
ECF TIME: 5-50 min IANODE: Al 18.33 mA/cm2, t=15 min efficiencies of Chlorella
SETTLING TIME: 30 min — |CATHODE: Al 0 52.8% - fserti=30 min vulgaris similar to those e
24h . . 0 87.6% - tsetti=24 h achieved for
. 18.33 mA/cm2, t=20 min Nannochloropsis sp. (lower
[A/C DISTANCE: 10 mm ® 65.2% - tsem=30 min conductivity)

MIXING: 150 rom  85.6% - tsetii=24 h

18.33 mA/cm2, =30 min
® 78.1% - tsetn=30 min

0 90.9% - tseni=24 h

18.33 mA/cm2, =50 min
® 81.5% - tseim=30 min
©91.8% - tserii=24 h

16.67 mA/cm?2, t=30 min
® 87.3% - tsetn=30 min

0 94.7% - tsem=24 h

33.33 mA/cm?2, t=30 min
® 88.7% - tseim=30 min

© 94.9% - tsemi=24 h

(Chlorella vulgaris o 1.00 kWh/m?3 (RE=80%)

Monopolar-

barallel 0.2 A, =1 min t=1 min
. * 55% ® <0.010 kWh/m3 e
REACTOR: Batch ECF [ e'ec"?desé 0.1 A, t=2 min =2 min " Qidg,:o; of CN;’nCS'U’id?if,is
CC MODE: 0.05-1.0 A 2:19HE§DESF( ) o) |°5%% * <0.010 kWh/m3 o Alis moregyeffident opT
lannochloris sp. ECF TIME: 1-2 min :Fe (2) harvestin (Dassey and
SETTLING TIME: 30 min  Monopolar- I - 9 | meegalo.2014)
. 0.6 A, =1 min t=1 min o Fe has better conductivity
A/C DISTANCE: 13 mm |parallel
. °©77% 0 <0.085 kWh/m?3 than Al and consumes less
[NaCl]: 1-2-4-14 g/L |4 electrodes: o PN
) 0.3 A, =2 min =2 min energy
IANODE: Al (2) 5
CATHODE: Al (2) °©77% » <0.050 kWh/m
=60 min
k=60 min * 1.8 kWh/kg at I=0.5 A | Current density and EC
o 59.6% ot 10.5 A * 4.0 kWh/kg at I=1.0 A | duration affect recovery
N 66:07: =l oA +60kWh/kgatl=1.5A | efficiency
o ! e 79.9% at 1=1.5 A I=1A B . \{drlohon in mlcroo\gg\ cell
Chlorella sorokiniana |[REACTOR: Batch ECF i=1A ® 2.7 kWh/kg [NaCl]=2 size and culture density
CC MODE: 0.5-1.0-1.5 A3 electrodes: _ fe] affects recovery efficiency
o 68.4% [NaCl]=2 g/L
ECF TIME: 60 min ANODE: C (2) X 92,3% (NaClld oL » 1.7 kWh/kg [NaCl]=4 |¢ Addition of NaCl (0-6 g/L) |iMsraetel.2014)
A/C DISTANCE: 30 mm |CATHODE: C (1) |/ 94'57 INaClj=6 g/L g increases recovery
[NaCl]: 2-6 g/L = 9 1.6 kWh/kg [NaCl]=6 | efficiency
g/l o ECFis a cost competitive
=60 min =60 min technology
Scenedesmus © 49.2% at 1=0.5 A * 7.5 kWh/kg at I=0.5 A ¢ No change in biomass
obliquus © 52.4% at 1=1.0 A ® 19.6 kWh/kg at I=1.0 A| composition
°57.1% at1=1.5 A ©33.0 kWh/kg at I=1.5 A
200 rpm, 10 mm, 5 min o Al more efficient than Fe
# 33% at 1=0.3 A o Current density and EC
I/ANODE: Fe ©75% at1=1.0 A duration affect recovery
REACTOR: Batch EC ICATHODE: Fe 200 rpm, 10 mm, 20 min efficiency
CC MODE: 0.3-1 A ®70% at 1=0.3 A » A higher distance between
bunalielia salina ECF TIME: 5-20 min #86% at1=1.0 A the electrodes causes an (Malekiet dl.
A/C DISTANCE: 10-20-30 200 rpm, 10 mm, 5 min increase in the electrical 2014
mm # 55% at 1=0.3 A resistance
IMIXING: 0-400 rpm IANODE: Al ®86% at=1.0 A e Stirring speed improves the
ICATHODE: Al {200 rpm, 10 mm, 20 min ECF process up fo values of
®91% at 1=0.3 A 200 rpm, but higher speeds
*97% at1=1.0 A make the recovery

(continued on next page)

16



S. Visigalli et al.

Table A2 (continued)

Separation and Purification Technology 271 (2021) 118684

1=0.3 A, 200 rpm, 20 min
* 89% with 20 mm

* 79% with 30 mm

1=1.0 A, 200 rpm, 20 min
® 95% with 20 mm

® 85% with 30 mm

1=0.3 A, 10 mm, 5 min

» 49% at 0 rpm

® 55% at 200 rom

® 52% at 400 rom

1=1.0 A, 10 mm, 20 min
®91% at 0 rpm

® 97% at 200 rom

efficiency to decrease
(breakage of the flocs)

17

» 94% at 400 rom
o Current density and EC
SPIRAL L duration affect biomass
IANODE: Al [=5.6 mA/cm? yield
REACTOR: Batch EC ICATHODE: Al * 95.4% t=20 min o Al more effident(ﬂ"von Fe
CC MODE: 1-2-3 A » PH and conductivity
(1.9-37-5.6 variations were similar
Desmodemus m'A/c.m2]4 between tests for both Al (Baierie ef al.
puspicarus ECF TIME: 10-15-20-30 ‘E]g? F.em Alresultsinal o
. o wi results in a lower|
T?: DISTANCE: 2 SAT]?[I)_E Fe }=5.6 mA/cm? turbidity of the suspension
/ F2MM | ATHODE: Fe * 64.7% 1=20 min with respect to Fe
o Concentration of Fe in the
final effluent is lower than
that of Al
REACTOR: Batch ECF o Costs of 0.04 - 0.26 US$/m3
X IMonopolar- o Current density and EC
(Chiorella sp Sn(/:\}(’:\?nEE 6.6-23.4 parallel duration affect recovery omyeral
morine) EOF TIME: 2.6-14.4 min 4 electrodes: 0 46.7 - 95.0% 0 0.02 - 0.13 kWh/m? efficiency At
SEﬂLING.TIME' 3(') min IANODE: Al (2) o Initial pH has a smaller
A/C DISTANCE' 10 mm ICATHODE: Al (2) effect onrecovery
3 efficiency
=30 min, pH=9
©41.2% at1=0.5 A
©50.8% at1=1.0 A o Current density and EC
® 55.4% at I=1.5 A duration affect recovery
=60 min, pH=9 =60 min, pH=9 efficiency
0 54.2% at 1=0.5 A * 2.1 kWh/kg at 1=0.5 A |e Addition of NaCl (0-6 g/L)
. ©61.7% at1=1.0 A ® 5.4 kWh/kg at 1=1.0 A increases recovery
ZE(;\;?AT(;?[;‘I«E_B;;?T [E}C]Fs N 0 65.7% at 1=1.5 A 8.9 kWh/kg atI=1.5A | efficiency and decreases
lscenedesmus ECF TIME: ‘60‘mInA 78 electrodes: I=15A,1=60 min energy consumption
" y ) IANODE: C (2) _ _ " » 5.4 kWh/kg [NaCl]=2 | At acidic pH positively (Misra et ol., 2015
obliquus A/C DISTANCE: 30 mm ) I=1.5A, =60 min B
INaCIJ: 2-6 g/L ICATHODE: C (1) o 72.8% [NaClJ=2 g/L g/l ~ charged ions are fprmed
pH: 5.7-9 o 79.8% [NaClj=4 g/L o 4.4 kWh/kg [NaCl]=4 _ond recovery efficiency
« 83.0% [NGCI]=6 g/L g/l increases
s » 3.8 kWh/kg [NaCl]=6 e ECF has no adverse effect
a/L on lipid extraction and it's
I=15A,{=60 min 1=1.5A,t=60 min improved by electrolyte
 73.0% at pH=5 0 7.3 kWh/kg at pH=5 addition
® 65.0% at pH=7 ® 9.5 kWh/kg at pH=7
° 65.7% at pH=9 » 8.9 kWh/kg at pH=9
10 V, t=1 min, H=4 cm
° 95.6% at A/C=5.5cm .
 93.0% at A/C=7 cm * Tne highest recovery
0 92.5% at A/C=11 cm effncwency (95%) occurs
10V, =1 min, A/C=5.5 with a smoller electrode
REACTOR: Batch ECF cm iﬁp‘;’."noni(s's cm)
(3 reactors) ® 94.6% at H=2.7 cm * f;? nighes recovewd §
Scenedesmus sp. CV MODE: 10-15-20 V 092.1% at H=5.2 cm fh;ﬁfxgp’;;gﬁf%?':h; °
(24%) ECF TIME: 1-3 min IANODE: Fe e 92.0% at H=6.4 cm culture (2.7 o) (Valero et dl.
irchneriella sp. (1%) |SETTLING TIME: 0-24h  (CATHODE: Fe #=1 min,H=4 cm,A/C=5.5 Jlre (2. 05)
icrocystis sp. (75%) |A/C DISTANCE: 5.5-7-11 lem ’ E.CF.;.‘me . Sho':*e”ﬁ]d
mm 954% ot 10V voltoge iincreased
HEIGHT: 2.7-4-5.2-6.4 cm :gji;’ g; ;g x o ECF durations of 1 and 3
10\) H=4 cm, A/C=55 min shows a 0.007%
em ’ 4 : dlffe'rence in recovery
0 95.6% t=1 min sfficiency
° 94.6% t=2 min
(continued on next page)
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Table A2 (continued)

® 94.4% t=3 min
=30 min =30 min
°©69.7% at 1=0.5 A 0 0.84 kWh/kg at I=0.5 Ale Lower particles size
©91.3% at1=1.0 A ® 1.76 kWh/kg at I=1.0 A| enhances flotation
Ankistrodesmus REACTOR: Bafch ECF |y W\ °91.7% atl=1.5 A * 3.62kWh/kg at I=1.5 Ale Comparison with
falcatus CC MODE: 0.5-1.0-1.5 AASSSE@CTZ'} =45 min centrifugation and (Guldhe et al.
ECF TIME: 30-45 min CATHObE' cm °82.9% at 1=0.5 A chemical coagulation with 204
A/C DISTANCE: 30 mm . ©91.6% at1=1.0 A alum and chitosan
©92.2% at I=1.5 A o No change in biomass
Scenedesmus t=30 min composition
pbliquus °67.7% at 1=1.0 A
0.4 L/min o Higher voltages allow
IANODE: Ni ®90% at 7 V higher recovery efficiencies
ICATHODE: Ni 1.3 L/min » 0.08-7 kWh/m? o ECF efficiency rapidly
°©90% at 13V increases in the first 30 min
0.4 L/min after treated saltwater is
®90% at 7 V mixed with algae
1.3 L/min » 0.08-7 kwh/m? suspension
) . ©90% at 17 V » Recovery efficiency with Ni
gg«;cmn. Confinuous 12.7 cm, 0.4 L/min, ten=2 [12.7 cm, 0.4 L/min, reaches 80% only ot low
(on saltwater) h tsen=2 h flow rot_e (0.4 L/min)
CYMODE 420V " lavope n L 7om ot 6 20 kWhmiat 6V | dossnolecessay
. y : 0 70% a o 2. m3 a oes not necessarily (Shuman ef al.,
annochloropsis . . SETTLING TIME: 30-120 | ayop: Al 305 em. 04 L/min, t.en=2 30.5 cm. 04 L/min, process more biomass 214
. ftset=; . I'1S more eftfcien an
agﬁ:f;ﬁ"giﬁgfe?;ﬁELECTRODE e 41% at 4V 0.4kWh/msat4V e Recovery efficiency of
0.4-3.9 L/rmin LENGTH: 12.7-30.5 le 47% at 6 V. ® 3.0 kWh/m3at 6 V !onger fa\ectrodes is higher
T cm 12.7 cm, 1.7 L/min, tse=2 [12.7 cm, 1.7 L/min, immediately after ECF, but
h tsett=2 h after 2 his lower than for
°©52% at 12V ©2.5kWh/méat 12V shorter electrodes
130.5 cm, 1.7 L/min, ter=2 30.5 cm, 1.7 L/min, o Increased input voltage
h tse=2 h and slower flow rate
©21%at 6V © 0.7 kWh/m3at 6 V reduce algal cell viability
°47% at 12V 3.6 kWh/m3at 12V o After ECF, Al and Ni
6V, 3.9 L/min, tet=2 h 6V, 3.9 L/min, tsen=2 h contents significantly
°©30%-12.7cm 0.1 kWh/m3-12.7cm | increase in both the
®23% - 30.5cm ® 0.3 kWh/m3-30.5cm supernatant and the
biomass
:!:Eé\ﬁlg;EB;;%h ECF éxToHDchéI A * 100% o Higher current densiw
Chlorella vulgaris mA/cm? e < 0.1 kWh/m3 allows shorter harvesting Boe o
SETILING TIME: 30 min  (ANODE: Fe o 98% fime .
oH: 9 ICATHODE: Fe o Al more efficient than Fe
IA/C=1 mm
0> 96% - V>4V, t=4 min
REACTOR: Batch ECF ©90.2% - V>3 V, =16 min |A/C=1 mm
CV MODE: 3-3.5-4.5-6 V av ©0.03 kWh/kg at 4 vV
A/C DISTANCE: 1-2-5-10 ® 95%-A/C=10 mm, t=25
mm min Y o Higher voltage improves
i * 95%-A/C=5 mm. =8 22 kWh/kg thg flotoﬂongdnd eruce
CHITOSAN DOSE: 10 min (4 V-A/C=10mm ) the flotation fime
mg/L ® 95%-A/C=2 mm, t=5 0 0.17 kWh/kg o Areduction in the A/C
MIXING: 30 rom (180 's) |/ANODE: graphite | min (4 V-A/C=1 mm ) distance reduces the
(Chlorella sp. ICATHODE: ® 95%-A/C=1 mm, t=2 N N (zhou et ol 2016)
raphite min hqrveshng time )
REACTOR: Confinuous Without dosgge_of chitosan
ECF : elf?cfrofilc;tohon is not
. efficient (recovery
iyc’vl\)?sl?riﬁc\;(??r]n . 93-:00)% (by effluent efficiency < 5%)
water)
:I.HO:\QI RATE: 1000 L/h .\ 89% (by harvested
CHITOSAN DOSE: 15 slurry)
mg/L
MIXING: 30 rpm (180 s)
REACTOR: Bafch ECF . 6.7 mA/cm2, A/C=10 _ N
(Chlorella vulgaris CC MODE: 2.9-6.7 éﬁ%tgnél A imm, pH=8 :\/ﬁ_fw :14?};';_4’ 250 |, Increasing stiring speed ‘F‘“fnd‘?; o
mA/cm? . e 96% 100 rpm Pm, Tiett improves contact between

(continued on next page)
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Table A2 (continued)

ECF TIME: 60 min ® 99% 250 rom ® 5.3 kWh/kg-2.9 coagulants and
SETTLING TIME: 0-45min ® 93% 400 rom mA/cm? microalgae and increases
A/C DISTANCE: 10-15-20 6.7 mA/cm2, A/C=10 ® 9.4 kWh/kg-6.7 recovery efficiency but
mm imm, pH=8, 250 rpm, mA/cm?2 higher stirring speed causes
MIXING: 100-250-400 0 81% - tseti=0 min 2.9 mA/cm?, pH=4, 250 | break-up of flocs due to
rom ® 92% - tsetn=15 min rpm, tsen=45 min the high shear forces
pH: 4-6-8 ® 96% - tset=30 min » 5.3 kWh/kg - A/C=10 e Al more efficient than Fe
[NaCl]: 0.5-1.0-1.5 g/L © 99% - tseti=45 min mm o A longer settling fime

/A/C=10 mm, pH=8, 250 |e 8.1 kWh/kg - A/C=20 increases recovery

rpm, tsem=45 min mm efficiency

®© 40% ati=2.9 mA/cm?2 2.9 mA/cm?, A/C=10 e Higher current densities

® 72% at i=2.9 mA/cm? | mm, pH=4, 250 rpm allow higher recovery

® 99% at i=2.9 mA/cm2  le 2.8 kWh/kg [NaCl]=0.5| efficiencies

/A/C=10 mm pH=8, 250 g/l Acidic pH increases
rem » 1.7 kWh/kg [NaCl]=1.0| recovery efficiency
©87% at pH=4-t=20 min | g/L Initial pH changes the
» 45% at pH=6 - t=20 min f» 1.0 kWh/kg [NaCl]=1.5| kinetics of microalgae

® 22% at pH=8 - t=20 min | g/L recovery
6.7 mA/cm2, A/C=10 4.8 mA/cm2, A/C=10 | Zeta potential is more
imm, pH=4, 250 rpm imm, pH=4, 250 rpm electronegative at higher

® 100% - A/C=10 mm » 4.9 kWh/kg [NaCl]=0.5| pH values and increases
©95% - A/C=15 mm g/L with the proceeding of ECF
le 90% - A/C=20 mm le 2.6 kWh/kg [NaCl]=1.0e A higher NaCl
concentration allows a

» 1.5 kWh/kg [NaCl]=1.5| decrease in the energy

consumption

6.7 mA/cm2, A/C=10 |¢ ECF has no significant
imm, pH=4, 250 rpm effect on the lipid content
® 5.7 kWh/kg [NaCl]=0.5 ¢ ECF has no significant

a/L effect on the total pigment
2.9 kWh/kg [NaCl]=1.0| content

g/l
1.6 kWh/kg [NaCl]=1.5

g/l

6.7 mA/cm?, pH=8, 250
IANODE: Fe rem

ICATHODE: Fe ® 45% - tsei=0 min

[ 53% - tseti=15 min

® 59% - t5et1=30 min

® 64% - tset=45 min

Higher current densities
reduce harvesting times
o The discharging

REACTOR: Batch ECF

CC MODE: 0.02-0.1 A I/ANODE: Al * 97% at 0.02 A - t=34 min

. . . . . ICATHODE: 43.8% o 97% at 0.05 A - =28 min|e Energy is produced by 9 . .
Dunaliella salina ECF TIME: 0-35 min MnO2 + 38.7% C |0 97% at 0.06 A - t=25 min| discharging EF mode electroflotation mode is a | tietal.2017)

A/C DISTANCE: 35 mm e " process of energy

PH: 7.4 +17.5% PTFE ®97% at 0.10 A - t=20 min production (0.098-0.11
kWh/kg produced)
Higher electric current

Stainless steel

IANODE: Stainless steel, t=60 min _ .
REACTOR: Batch ECF  |s Stainless steel  |» 81.61% at I=1 A SAATINRkg aTIEL ) allows shorter harvesfing
Egr’:af :3(]J—_630/?hin g/Fe cg;b;'; :,‘IZ;‘/'\" 5.9-6.8kWh/kg at1=2 |+ Lower cathode's openings
A/C DISTANCE: 3mm  |CATHODE: (Carbon/Iron, =30 min size allows shorter

A
Stainless steel 0 92.13% at 1=1 A » 7.8-8.9 kWh/kg at 1=3 harvesting time (higher Hz
13% at 1= A

bubble nucleation rate (Lo et al., 2017)
and smaller size)
Carbon anode less efficient

Chlorella vulgaris

REACTOR: Continuous

ECF éxToHDCEDg : %gsnlgifrmﬂ e 2.73 kWh/ke than stainless steel anode
CC MODE: 10 mA/cm? Stainless s{ee\ Concgfocior' 52.78 ’ ° * Higher liquid depth
A/C DISTANCE: 4.5 mm : e increases the final

concentration

ECF with Al achieves the

3 electrodes:

ANODE: Al (1) * 958% 028 kWhkg highest recovery efficiency
ICATHODE: Al (2) N g
3 elecirodes: Eeuf cost is 30% higher than
/ANODE: C (1) °©79.2% ¢ 0.34 kWh/kg s Color change of the
REACTOR: Batch ECF  (CATHODE: C (2) suspension g\’/vhh the
. CV MODE: 5V (10 4 elecfrgdes: formation of insoluble (Rahmani et al.
Chlorella pyrenoidosa|mA/cm?2) IANODE: Cu (1) ©93.7% » 0.32 kWh/kg metal hydroxides (Al: white- 2017)
ECF TIME: 5 min ICATHODE: Cu (2) milk Fey' brown CU“
IA/C DISTANCE: 30 mm (3 electrodes: reeyﬁ—b\.eu 7n: \;/hﬁé)
IJANODE: Zn (1) [+ 83.3% ¢ 0.28 kWh/kg g Ol

Weight loss and Hz rate
production increase with
increasing current density
and ECF time

ICATHODE: Zn (2)
3 electrodes:

I/ANODE: Fe (1) 70.8% ¢ 0.37 kWh/kg
ICATHODE: Fe (2)

(continued on next page)
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Table A2 (continued)

o C hinders contamination of
the suspension and avoid
periodic electrode
replacement

o The higher current density,

REACTOR: Batch ECF

. A 2.2 mA/cm? 2.2 mA/cm? the shorter harvesting time
r(*:n(/:\/’g:\ng 22:44-6.7 ® 98% - t=7 min » 0.087 kWh/kg e No significant changes in
IChiorella vulgaris ECF TIME: 8 min IANODE: Al 4.4 mA/cm? /4.4 mA/cm? the medium temperature shietal, 2017)
9 A/C DIST;ANCE' 30 mm CATHODE: Al ® 98% - t=6 min ® 0.222 kWh/kg and pH after ECF
IMIXING: 200 r .m 6.7 mA/cm? 6.7 mA/cm? o Phosphate decreases and
loH: 8.6 ) P ® 98% - t=4 min © 0.294 kWh/kg ammonium increases after
S ECF
REACTOR: Batch ECF
CC MODE: 0.25-0.50-  |ANODE: Al (Control (no seawater)
0.75 A . CATHQDE: DSA o 0% o Higher the solinii_y,_ higher is
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