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INTRODUCTION

Electrocoagulation (EC) is an electrochemical technique commonly used in the treatment of
water and industrial effluents, since it is capable of simultaneously eliminating very wide
variety of pollutants. These include, among others, refractory organics, colloidal particles,
suspended particles, turbidity, color or even ions (heavy metals, nitrates...). It combines in fact
a very wide variety of remediation mechanisms, such as coagulation, precipitation and
adsorption, but also electro-reduction and electro-oxidation. The pollutants are generally
recovered in the solid phase by sedimentation, but they can also be separated by flotation thanks

to hydrogen gas generated at the cathode.

Although EC has been widely and successfully employed for the treatment of water and
wastewater, it was not widely invested for recovering or separating valuable molecules and
biomolecules that exist in water. Consequently, the objective of this work, on the one hand, is
to employ EC as a conventional wastewater treatment technique for the elimination of
biological pollution from water and, on the other hand, to develop an original variant of EC

which aims to separate and purify biological media.

The impact of EC, as an alternative treatment method, for whey proteins removal first is
investigated. These proteins, as the other components of dairy wastewater, are usually treated
by aerobic and anaerobic biological processes. However, aerobic processes are highly energy
intensive and anaerobic ones often reflect very poor nutrient removal. Moreover, the application
of EC as an original separation method is extended to the purification of volatile fatty acids
issued from acidogenic fermentation to replace conventional expensive methods in order to use
them as precursors in biobased chemistry. This thesis also proposes EC as an alternative
harvesting process of the two microalgae species (Chlorella vulgaris and Chlamydomonas
reinhardtii) from their culture media. Microalgae recovery necessitates the development of new
methods as EC, since currently used methods (mainly centrifugation, flocculation and filtration)
exhibit many drawbacks, such as high cost, fouling and the possibility of additional

contamination.

Consequently, this Ph.D. thesis comprises six chapters. Chapter 1 is a submitted literature
review about the use of EC as a water treatment process. This review summarizes the theory of

EC, its history and its advantages and drawbacks, particularly for colloid removal. Then, it



presents recent works carried out on using EC alone and EC coupled to other treatment methods

aiming at treating wastewater.

Chapter 2 is a submitted literature review on the recovery of microalgae and plant extracts using
EC. Contrary to chapter 1 in which water preservation was the only objective, the aim in this
chapter mainly involves the valorization of the products collected by the flocs. This review
summarizes studies carried out on microalgae recovery by EC and discusses the influence of
operating parameters on the efficiency of the process. Then, electrical energy consumption and
metal content in the effluent and biomass are discussed. Finally, works performed on the

purification of plant extracts using EC are summarized.

Chapter 3 is an article, published in Desalination and Water Treatment journal, that describes
the elimination of whey proteins from water by EC. This article details the principles of
experimental techniques used in this work along with the experimental setup available for whey
proteins removal. The influence of the main operating parameters on the efficiency of the
process is discussed. Then, the cost of the whole process is analyzed. Moreover, the
mechanisms responsible for whey proteins removal are explained along with analyzing the solid

and liquid phases. Finally, a model on whey proteins removal is developed.

Chapter 4 is an article, published in Separation and Purification Technology journal, that
describes the separation and purification of volatile fatty acids, which are widely used in the
industries of food, pharmaceuticals, petrochemicals, cosmetics and tanning, in adigestate from
acidogenic fermentation using EC. In this work, the influences of the main parameters on the
efficiency of the process are investigated. In addition, a clear cost analysis of the whole process

1s also discussed.

Chapter 5 is a submitted article that describes the recovery of the microalgae species
Chlamydomonas reinhardtii by electro-coagulation-flocculation (ECF) in batch. In this work,
response surface methodology (RSM) is used to investigate the effect of the most influential
variables on the efficiency of the process. Moreover, cost analysis of the process is carried out.
Then, two models for predicting recovery efficiency and ECF operating cost are developed in
addition to discussing the kinetics and mechanisms of recovery. Finally, ECF is compared to

chemical flocculation with chitosan.

Chapter 6 is an article, published in Algal Reasearch journal, about harvesting the microalgae

species Chlorella vulgaris by discontinuous electro-coagulation-flocculation (ECF). In this



paper, the effects of the main operating parameters on the process effectiveness are explained
along with discussing the mechanisms of recovery. Then, electrical energy consumption and
ECEF effect on lipid and pigment content are presented. Finally, aluminum accumulation during

ECF is analyzed.

Finally, chapter 7 is a submitted article that describes the recovery of the microalgae species
Chlorella vulgaris by continuous ECF. This article employs response surface methodology
(RSM) to evaluate the influence of current density and inlet flow rate (retention time) on the
recovery efficiency of Chlorella vulgaris. A model for predicting microalgae recovery is
developed. Moreover, recovery kinetics during the transient phase is studied. Finally,
comparison of ECF performance in continuous mode with and without polarity exchange (PE)

to ECF performance in batch mode is carried out.






CHAPTER 1: THE USE OF ELECTROCOAGULATION FOR
WATER AND WASTEWATER TREATMENT

This review article is submitted to the Journal of Environmental Management. Consequently,
this chapter follows the guidelines of this journal.

Nidal Fayad, Tania Yehya, Fabrice Audonnet, Christophe Vial.

ABSTRACT

Electrocoagulation (EC) is an efficient non-specific electrochemical technique that has been
successfully employed for the treatment of different types of wastewater. This technique uses
direct currentbetween metal electrodes immersed in wastewater, which causes the dissolution
of electrodes into the effluent. The metal ions, at suitable pH, generate a wide range of
coagulated species and metal hydroxides that destabilize and aggregate particles or precipitate
and adsorb the dissolved pollutants. This process is able to remove more than 99 % of some
heavy metal cations, and seems also to be able to electrocute microorganisms in the water. It is
also capable of precipitating charged colloids and removing significant amounts of other ions,
colloids and emulsions. The aim of this review is to explain the theory of EC, discuss the factors
that affect its efficiency, explain how EC cost is estimated, and finally review recent studies on

EC application and EC coupling with other wastewater treatment methods.

1. INTRODUCTION

Since the beginning of the 21% century, the world is facing a huge water shortage crisis resulting
from urbanization, continuous population growth, land use change, industrialization, food
production practices, increased living standards and poor water use practices and lack of
efficient wastewater management strategies. Therefore, it is of utmost importance to develop
efficient and cost effective technologies for wastewater management. These technologies
should be considered as part of an integrated, full life cycle, ecosystem-based management
system that operates across all three dimensions of sustainable development (social, economic

and environmental), geographical borders, and includes both fresh and marine water [1].

One of the emerging technologies that proved its efficiency in treating different types of

wastewater is electrocoagulation (EC). EC, which is an advanced, economic, electro-chemical



process that simultaneously removes heavy metals, suspended solids, emulsified organics and
many other contaminants from water using electricity. It is an alternative treatment process to
the more traditional chemical and biological processes familiar to wastewater treatment

professionals.

The purpose of this review is to summarize the principle of EC before explaining the main
mechanisms of de-pollution, depict the history of EC in addition to its advantages and
drawbacks, discuss the factors that affect its efficiency, explain how EC cost is estimated, and
finally review recent studies on EC application and EC coupling with other wastewater

treatment methods.

2. THEORY OF EC

EC which combines coagulation, flotation and electrochemistry is a process of destabilizing
suspended, emulsified or dissolved contaminants in an aqueous medium by introducing an
electric current into the medium [2]. In its simplest form, an EC reactor is composed of an
electrolytic cell with one anode and one cathode metal electrodes immersed in the solution to

be treated and connected externally to a direct current power supply, as shown in Figure 1.
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Figure 1. Simple EC cell, where M is metal, x is the oxidation state of the metal, I is current,
U is cell potential, j is current density, and S is the surface area of the anode.

During EC, the coagulating ions are generated continuously by electrochemical dissolution of
the sacrificial anode. These ions spontaneously undergo hydrolysis in water forming various
coagulant species including metallic hydroxide precipitates (eliminate contaminants by
adsorption/settling) and various other ions metal species [3].

The dissociation of the ions from the anode follows Faraday's law (eq. 1):



m=1t Mz F (eq. 1)
where [ is the current (A), ¢ is the time of operation (s), M is the molecular weight of the anode
material (g/mol), F'is Faraday's constant (96,485 C/mol), z is the number of electrons involved

in the reaction and m is the mass of anode dissolved (g).

The destabilization mechanisms of contaminants, particulate suspension and emulsion breaking

are summarized as follows:

1. Compression of the diffuse double layer around the charged species by the ions generated by
the oxidation of the sacrificial anode;

2. Charge neutralization of the ions existing in wastewater by the counter ions generated by the
electrochemical dissolution of the sacrificial electrode. These counter ions decrease the
electrostatic interparticle repulsion to the extent that the van der Waals attraction
predominates, thus causing coagulation. A zero net charge results in the process;

3. Floc formation as a result of coagulation creates a blanket of sludge that entraps and bridges
colloidal particles still remaining in the solution. The hydroxides, oxyhydroxides and solid
oxides give active surfaces for the adsorption of the polluting species [4].

In most cases, the electrodes are made up of aluminum or iron due to various advantages that

these materials offer, such as: their availability and low price, their non-toxicity, as iron and

aluminum hydroxides formed by precipitation are relatively non-toxic, and their high valence

that leads to an efficient pollutant removal [3].

Iron and aluminum cations dissolve from the anodes according to egs. (2) and (3) [5,6]:

Fe— Fe" (g + ne~ (eq. 2)

Als— AP oq)+ 3 (eq. 3)

During EC, iron dissolves either into a divalent Fe(II) or a trivalent Fe(III) form in the aqueous
medium depending on the pH of the solution and the potential E as illustrated in the E-pH
diagram for iron. Fe(Il) may further oxidize to Fe(Ill) [eq. (4)] under appropriate oxidation-
reduction potential and pH conditions [6].

4Fe*" (49 +10H20+ 02— 4Fe(OH)3(s) + 8HY (eq. 4)

On the other hand, aluminum dissolves only into a trivalent form AI(III).

The E-pH (Pourbaix) diagrams of iron and aluminum (Figures 2 and 3) allow the prediction of
the stable compounds of each at different conditions [2], having in mind that these diagrams
describe only thermodynamic equilibria, which may differ in real situations when kinetically-

controlled conditions prevail. Pourbaix proposed three possible states of a metallic material [7]:
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Immunity region: In the conditions of potential and pH of that region a metal is considered

totally immune from corrosion attack and safe to use.

Passive region: In this region, the metal tends to become coated with an oxide or hydroxide
that may form on the metal either as a compact and adherent film practically preventing all
direct contact between the metal itself and the environment, or as a porous deposit which

only partially prevents contact between the metal and the environment.

Corrosion region: Thermodynamic calculations indicate that, in such region of an E-pH
diagram, a metal is stable as an ionic (soluble) product and therefore susceptible to corrosion
attack. Experience is required to find out the kinetics, the extent and form of the corrosion

attack that may take place in the corrosion region(s) of a Pourbaix diagram.

Figure 2A illustrates the E-pH diagram for a soluble Fe species at a concentration of 1 M. The
diagram depicts that the aqueous chemistry of iron is dominated by two oxidation states Il and
I11. The reduction of Fe**(q) to Fe?*(aq) always takes place at a potential value of +0.77 V, as
indicated by the upper horizontal line in the left-hand corner of the diagram. The lower
horizontal line defines the reduction of Fe?'(,q) to Fe(s) which occurs at a potential of —0.45 V.
As indicated on the diagram, the Fe**,q and Fe?"(4q) ions might precipitate from the solution in
the presence of OH . Precipitation of the Fe**(aq)ion occurs at a pH of 6.0 with the formation of
Fe(OH)xs), while theFe**(,q) ion precipitates as the oxyhydroxide, FeO(OH)(s), at pH value of
1.3. The reduction of Fe(OH)y) to Fe is defined by the inclined line running from E=—0.45 V
(pH = 6.0) to E=—0.99 V (pH = 15.0). The oxyhydroxide species, FeO(OH), is reduced to
Fe?'(aq) at pH values below 6.0, as demonstrated by the inclined line running from E=—0.06 V
(pH = 6.0) to E=—0.77V (pH 1.3) or to Fe(OH)xs) at pH values higher than 6.0 as depicted by
the inclined line running from E=—0.06 V (pH = 6.0) to E=—0.59 V (pH = 15.0).

The generalized algebraic equations that define the lines separating the predominance regions
for Fe for various iron concentration of soluble species are summarized in Table 1. With the
equations in Table 1, the species conversion lines have been determined for soluble Fe species
concentrations of 10742, 1078 107'2%and 107! M. These data have been combined into a
single plot as shown in Figure 2B. This figure shows that the predominance zones of the Fe?"(4q)
and Fe*'gqspecies increase and the predominance regions for Fe(OH)ys and

FeO(OH)s)decrease as the soluble species concentration decreases [8, 9].
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Figure 2. E-pH diagrams for Fe at soluble species concentration of A) 10°° M and B) 10°°,
109, 103, 1020 and 10190 M (298 K).

Table 1. Species, chemical reactions and algebraic equations considered in the construction of the Fe
E—pH diagram at 298 K [10].

Couple Chemical reaction Algebraic equation (concentrations in M)
Fe?'/Fe Fe¥* + e —Fe? E=0.77V
Fe”'/Fe Fe?'+2e¢ — Fe E=—0.45+0.030 log[Fe*'] V
FeO(OH)/Fe** FeO(OH) + e +3H"—Fe?*+ 2HOH E=1.00-0.177 pH-0.059 log[Fe*"] V
FeO(OH)/Fe(OH): FeO(OH) + e +H"—Fe(OH), E=0.30-0.059 pH V
Fe(OH)./Fe Fe(OH),+2e +2H"—Fe + 2HOH E=-0.10 —0.059 pH V
FeO(OH)/Fe** FeO(OH) + 3H"*—Fe**+ 2HOH 3 pH =3.9 — log[Fe*"]

The E—pH diagram for a soluble Al species concentration of 1 M is shown in Figure 3A. This

figure depicts that aluminum hydroxide AI(OH)s(s), which exists in the solution between pH

values of 3.4 and 12.4 if the potential is sufficiently high, dissolves in acidic medium forming

Al** g, as indicated by the vertical line at a pH value of 3.4, and dissolves in alkaline medium

to produce AI(OH)4 (ag), as indicated by the vertical line at a pH value of 12.4. The reduction of

each of the three AI(III) species to Al is signaled by a specific line in the lower half of Figure

3A: the horizontal line at —1.68 V running from pH —1.0 to 3.4 for the reduction of AI**(,q), the
sloped line running from pH = 3.4 (E=—1.68 V) to 12.4 (E=—2.20 V) for the reduction of
AI(OH)3(s) and the sloped line running from pH = 12.4 (E=—2.20 V) to 15 (E=—2.42 V) for the
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reduction of AI(OH)s. The algebraic equations that define the lines separating the

predominance regions for summarized in Table 2.

Using the equations in Table 2, the species conversion lines have been determined for soluble
Al species concentrations of 1072, 10749, 107%% and 107®®* M. These data have been combined
into a single plot as seen in Figure 3B. In this figure, it is demonstrated that as the soluble
species concentration declines the predominance regions of both Al**(aq)and AI(OH)s (aq) ions
increase until the predominance zone of the AI(OH)s¢) disappears completely at a soluble
species concentration of 10%% M. This behavior of Al(III) species could be derived by setting
the last two equations in Table 2 equal to each other and solving for the AI(III) species
concentration. It is also worth noting that for Al**(aq) ion concentrations less than 107%% M, the
addition of hydroxides does not lead to the precipitation of AI(OH)3i) but to the direct
conversion to Al(OH)4 (aq) [8].

A g
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b= = _ Al(OH)(s) Q
= =l - - — =
e -1 - —y ,___!
W, 7 B-
N _‘-\-.________
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Figure 3. E-pH diagrams for Al at soluble species concentration of A) 10°° M and B) 10,
1029, 109, 1050 and 108 M (298 K).

Table 2. Species, chemical reactions and algebraic equations considered in the construction of
the Al E—pH diagram (298 K) [10].

Couple Chemical reaction Algebraic equation(concentrations in M)

APY/Al AP+ 3¢ Al E=—1.68 +0.020 log[AI'] V
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Al(OH)3/Al Al(OH); + 3¢ + 3H —Al + 3HOH E=—1.47-0.059 pH V
Al(OH), /Al Al(OH)s + 3¢ + 4H'—Al + 4HOH E=-1.23 -0.079 pH + 0.020log[Al(OH)s ] V
Al(OH):/AP* Al(OH); + 3H A" + 3HOH 3pH =102 — log[AP]
Al(OH)s /AI(OH); | Al(OH)s + H'—AI(OH); + HOH pH = 124 + log[Al(OH)s |

It is possible that other reactions take place in the EC cell that are considered as secondary
reactions [11, 12]. These reactions include:
-The evolution of hydrogen gas bubbles at the cathode (eq. 5 - eq.7).

- Metal ions reduction on the cathode.

2H>0 + 2e=— Hz) + 20H- (eq. 5)
2H" +2e~—> Ha (eq. 6)
2Ali)+ 6H20 + 20H=(aq) = 2 [AI(OH)4] (aq) + 3H2(g) (eq. 7)

- The increase of pH due to the formation of hydroxyl ions or the consumption of hydronium
ions/protons (eq. 5, eq. 6).

Sometimes, the experimental anode dissolution does not match the theoretical one calculated

by Faraday's law (eq. 1), which indicates that other electrochemical parasitic reactions might

be occurring at the anode. In this case, the faradaic yield of metal dissolution (¢) [(eq. 8)] is not

equal to 1.

¢ = Experimental anode mass loss / Theoretical anode mass loss (eq. 8)

Several authors suggested that oxygen gas evolution on the anode might take place at alkaline
pH values and high anodic potential (eq. 9) which may be the cause of the mismatch between
theoretical and experimental anodic dissolution [4, 13, 14].

2H,0 —» O, + 4H" + 4e~ (eq. 9)

3. MECHANISMS OF POLLUTANTS REMOVAL BY EC

Different mechanisms are involved in the removal of the various types of contaminants that
exist in water and wastewater which include oxidation, reduction, coagulation, adsorption,
precipitation, flotation and others. As pollutants in raw water and wastewater are mostly
colloidal particles, their removal is mainly accomplished by destabilization and adsorption,

which are discussed in the next two subsections.
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3.1. DESTABILIZATION OF COLLOIDAL PARTICLES

Colloidal particles stability is usually explained by the presence of repulsive electrical charges
on the surface of particles and stability could be estimated by considering the attraction forces
between the particles. When repulsive forces dominate, the system will remain in the dispersed
state. However, when the attraction forces become dominant, the particles will
coagulate/flocculate and consequently the suspensions will be destabilized. Particles with the
same charge repel each other, so if destabilization is aimed, this repulsion should be reduced
[15]. Colloids are microscopic particles that are extremely small in size (1-1000 nm), having a
very small mass to surface area ratio. Since their surface area is large compared to their mass
and size, the gravitational forces of colloids are often neglected as compared to the surface
phenomena predominating when studying colloidal suspension. The suspension and stability of
colloidal particles in water is attributed to the fact that they carry similar charges, usually
negatively charged, so they repel each other and remain suspended. In order to neutralize the
charge, counter charged particles are employed to attach to the surface of the colloids forming

an electric double layer as illustrated in Figure 4.

The electric double layer (Figure 4) is comprised of an inner layer (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 diffuse layer or slipping plane). The interface
of the inner and outer layers is known as the shear surface which defines the outer boundary of

the Stern layer [13].

12



:

-

- -'Hﬂ

ﬁ

EEEEEE

Distance from particle surface

Figure 4. Schematic representation of the electrical double layer.

The maximum potential at the surface of colloidal particle is known as the Nernst potential.
This potential decreases across the Stern layer due to the presence of oppositely charged
particles resulting in what is called the zeta potential measured at the shear surface [16]. Zeta
potential (which is close to the surface potential) is the main parameter able to estimate the
stability of a colloidal system, as it represents the electrical charge difference between the first
and second layer and indicates the extent of repulsion between colloidal particles. The higher
the absolute value of zeta potential, the greater the magnitude of repulsion between particles
and consequently the more stable is the colloidal system. In general, colloidal particles in
suspensions with zeta potential values more positive than +30 mV or more negative than -30

mV are deemed stable [17].

DLVO (Derjaguin-Landau-Verwey-Overbeek) theory is able to describe the stability of
colloidal particles [18-20]. Simply, DLVO theory describes the combined effects of the
attractive van der Waals forces and the repulsive electrostatic forces, with Brownian motion of
particles also being taken into consideration. In essence, as two charged surfaces approach each
other, the double layers overlap and, as the electrical potentials are approximately additive, the
net potential operating between the two surfaces increases and the repulsive energy resulting
from overlap is exponentially related to the distance separating the particles. According to

DLVO theory, the repulsive energy prevents the surfaces from adhering; if the surfaces collide
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with enough energy to overcome this energy barrier, then the surfaces will adhere due to van
der Waals attractive forces. Thus, a colloidal system is said to be stable if repulsive forces are
stronger than the attractive ones [21]. In essence, the stability of a given colloidal system is
governed by the net interaction energy (Vr) between two charged surfaces. This net interaction
energy of two particles is given by the sum of Van der Waals attraction energy (Va) and
electrostatic repulsion energy (VRr) [4, 15,16]. The total interaction energy between two charged

surfaces as a function of distance is shown qualitatively in Figure 5.

In EC, colloidal destabilization is the key process for pollution removal, first because it is able
to promote the removal of suspended or emulsified materials, but also because it promotes the
removal of precipitated hydroxides, not only from the sacrificial anode, but also from heavy
metals together with the soluble compounds entrapped or adsorbed in these precipitates. Then,
particles can settle, as in chemical coagulation, but the presence of microbubbles released by
water reduction at the cathode also leads to flotation of colloidal species, which explains that
EC is sometimes confounded with electroflotation (EF).
Repulsion

Vi =Va+ VR
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Total of potential -repulsion

energy /V-tOtal
. Distance (H)
SecondM V-attraction

Miniumum
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Minimum

Attraction
Figure 5. Typical evolution of the total interaction energy (V) between two charged surfaces

as a function of distance, where Va and Vg represent the Van der Waals attraction energy and
electrostatic repulsive energy, respectively.

3.2. ADSORPTION

Adsorption is a surface phenomenon with common mechanism for the removal of organic and

inorganic pollutants. Adsorption of soluble pollutants on metal hydroxides is, therefore, the
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second key process for pollution removal. When an adsorbable solute in the solution comes into
contact with a porous solid, solid-liquid intermolecular attraction forces cause the deposition
of some solute molecules at the solid surface. The retained solute (on the solid surface) in the
adsorption process is the adsorbate, whereas, the solid on which it is retained is the adsorbent.
This creation of an adsorbed phase having a composition different from that of the bulk fluid
phase forms the basis of separation by adsorption. The atoms on the surface of the adsorbent
are not completely surrounded by other adsorbent atoms and therefore can attract adsorbates.
The exact nature of the bonding depends on the details of the species involved, but the
adsorption process is generally classified as physisorption (characteristic of weak Van der
Waals forces) or chemisorption (characteristic of covalent bonding). It might also occur due to
electrostatic attraction.

With the progress of adsorption, an equilibrium of solute adsorption between the solution and
adsorbent is reached (where the adsorption of solute from the bulk onto the adsorbent is at its
minimum). The amount of adsorbed solute (g., mmol/g) at equilibrium is determined according

to the following equation in a batch system (eq. 10):
ge=V(Co-Ce) IM (eq. 10)

where V is the solution volume (L), M is the mass of monolithic adsorbents (g), and Cy and C.

are the initial and equilibrium adsorbate concentrations, respectively [22].

During electrocoagulation, the contaminants are adsorbed at the surface of the metal hydroxides
being continuously produced. In order to identify the adsorption mechanism, it is important to
establish the most suitable correlation for the equilibrium curves. Langmuir and Freundlich
adsorption isotherms are the most commonly applied to establish the relationship between the
amount of pollutant adsorbed onto the metal hydroxides and its equilibrium concentration in

the solution.

The Langmuir isotherm model represents chemisorption at a set of well-defined localized
adsorption sites with the same adsorption energy, independent of the surface coverage and
without any interaction between adjacent adsorbed molecules. This model assumes a monolayer
deposition on a surface with a finite number of identical sites. The Langmuir equation is valid
for a homogeneous surface [23]. The linearized form of Langmuir adsorption isotherm model
is represented in eq. (11):

Celge=1/gmb + Cel Om (eq. 11)
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where g. (mg/g) is the amount adsorbed at equilibrium, C, (mg/L) is the equilibrium
concentration, ¢, is the Langmuir constant representing maximum monolayer adsorption
capacity and b is the Langmuir constant related to energy of adsorption.

According to eq.(10), if adsorption obeys the Langmuir equation, a plot of C./g. versus Ce
should be a straight line with a slope of 1/¢.» and intercept 1/gnb. This important characteristic
of the Langmuir isotherm can be expressed in terms of a dimensionless factor, R, (eq. 12) [24]
which is defined as:

R =1/1+bCy (eq. 12)

where R, is the equilibrium constant which indicates the type of adsorption, as either
unfavorable (R;>1), linear (R, = 1), favorable (0<R;<1) or irreversible (R, = 0), b is the

Langmuir constant and Cp is the initial pollutant concentration.

The Freundlich isotherm model applies to adsorption on heterogeneous surfaces with
interaction between the adsorbed molecules, and is not restricted to the formation of a
monolayer. This model assumes that as the adsorbate concentration increases, the concentration
of adsorbate on the adsorbent surface also increases and, correspondingly, the sorption energy
exponentially decreases on completion of the sorption sitesin the adsorbent [25]. The well-
known expression for the Freundlich model is given in eq. (13):

log ge = log K¢+ 1/n log C. (eq. 13)

where g. is the amount adsorbed at equilibrium (mg/g), Kr is the Freundlich constant, 1/n is the
heterogeneity factor which is related to the capacity and intensity of the adsorption, and C, is
the equilibrium concentration (mg/L). The values of Krand 1/n can be obtained from the slope

and intercept of the plot of log g. against log C..

4. HISTORY OF EC

The first document on the use of EC for the treatment of effluents is a US patent filed in 1880
[26]. In the same year, a sewage treatment plant was built on the basis of this patent, in Salford
(UK) to treat polluted urban waters [27]. In 1909, a new patent on this process was filed, where
the anodes were made from iron and aluminum plates [28]. By the 1930s, all electrolytic sludge
treatment plants had been abandoned due to high operating costs and the ready availability of
mass-produced alternatives for chemical coagulant dosing [29].

In 1946, the process was studied more precisely with a reactor equipped with aluminum

electrodes. While comparing the physicochemical coagulation process and the electrochemical
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process, it was observed that the coagulation phenomenon was faster with the electrochemical
method. Based on these results, an economic comparison of the two methods was performed in
1947. 1t was found that for small sized installations, EC is more competitive than conventional
processes [30].

In 1963, magnesium electrodes and sea water were used to disinfect wastewater by EC. The
drawn conclusion was that the chloride ions in sea water were oxidized at the anode into
hypochlorous ions. The colloidal particles were adsorbed on the precipitate of Mg(OH)>, the
hydrogen bubbles formed by reduction of water at the cathode participated in electroflotation
of adsorbed particles [31]. It was only until the 1970s and 1980s that research on the application
of EC for the treatment of various types of wastewater has generated significant interest. The
industrial development of EC process was, however, hampered by the cost deemed too high
and by the competition of chemical treatment processes, without ruling out its use [27]. EC
started to regain importance in the late twentieth century with the progress of the
electrochemical processes and with the development of strict regulations on discharges [32].
Meanwhile, the demand for quality drinking water quality is globally increasing and
environmental regulations regarding wastewater discharge are becoming increasingly stringent.
Therefore, it has become necessary to develop more effective treatment methods for water
purification and/or enhance the operation of current methods. This and eco-friendliness have

led to increasing global interest in EC as a research subject [33].

5. ADVANTAGES AND DRAWBACKS OF EC

As any process, EC has its advantages and drawbacks [34]. These are summarized in Table 3.

Table 3. Advantages and drawbacks of EC.

Advantages of EC Drawbacks of EC

Requires simple equipment and is easy to Jj Gelatinous hydroxides may solubilize
operate

EC cell has no moving parts and requires little § Sacrificial anodes, which are oxidized should
maintenance as the electrolytic processes are JJ be replaced regularly
controlled electrically

The treated solutions give palatable, pleasant, § Electricity is not always easily available and
clear, colorless and odorless water it is expensive in some regions

The formed sludge is mainly composed of
metallic oxides/hydroxides, so it is readily jJ Passivation decreases EC efficiency
settable and easy to de-water
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The formed flocs are much larger than those | Wastewater conductivity must be high to
produced by chemical coagulation, contain j§ prevent the ohmic drop
less bound water and are acid-resistant and

more stable

Does not require the use of chemicals, so there
will be less risk of secondary pollution,
contrary to chemical coagulation, where
chemical substances are added at high
concentrations

The gas bubbles generated during electrolysis
result in the flotation of the pollutants, and
consequently their separation is facilitated

It is possible to use EC with the help of other
renewable sources of energy such as solar or
wind energy in rural areas where power is not
easily available

It is clear from the previous table that EC advantages are much more that its drawbacks, which
may also be controlled or reduced. Consequently, EC is a recommended, efficient and

environment friendly choice for industrial, commercial and municipal wastewater treatment.

6. FACTORS INFLUENCING THE EFFICIENCY OF EC

Different parameters affect the efficiency of EC and its ability to remove pollutants from

wastewater; the most important parameters are discussed in this section.

6.1. ELECTRODE ARRANGEMENT

There are several ways in which the electrodes can be arranged in the EC system. In monopolar-
parallel (MP-P) configuration (Figure 6a), all the anodes are connected to each other and to the
external DC power supply, and the same type of connection is applied to cathode electrodes,
which corresponds to identical cells working in parallel at the same cell potential. In this
configuration, the current is divided between the electrodes resulting in a lower potential

difference if compared to the series configuration.

In monopolar-series (MP-S) connection (Figure 6b), the two outermost electrodes are
connected to the external circuit forming the anode and cathode, while each pair of the inner
electrodes are connected to each other without an interconnection to the outer electrodes. In this
connection type, the cell potential is additive, resulting in a higher potential difference. The
inner electrodes could be made of similar or different material, so as to decrease the

consumption of the anode and passivation of the cathode.
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The third option is the bipolar-series (BP-S) configuration (Figure 6c¢). In this type of
connection, the outermost electrodes are directly connected to the external power supply, while
the inner ones are not connected at all, which constitutes the simplest connection for EC
maintenance. As current passes through the main electrodes, the adjacent sides of inner
electrodes get polarized and will carry a charge opposite to the charge of the nearby electrode.
In such configuration, the two outermost electrodes are monopolar whereas the inner sacrificial

electrodes are bipolar [35, 36].

Several studies have tested the influence of the electrode arrangement on pollutant removal
efficiency and cost. Demirci et al. found that all connection types showed similar results in
reducing color and turbidity, while MP-P was preferred as a low-cost connection mode due to
the lower cell potential [35]. Kobya et al. also found that MP-P is the most economic connection
configuration [37]. Monopolar configuration has been reported to be better in the treatment of

laundry wastewater [38] and oily water [39].
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Parallel anode Parallel cathode Monopolaranodes  Monopolar cathodes Monopolaranode Monopolar cathode

Figure 6. Different EC system electrode connections. a) monopolar-parallel (MP-P)
configuration, b) monopolar- series (MP-S) configuration, ¢) bipolar- series (BP-S)
configuration.

6.2. BATCH VS. CONTINUOUS OPERATION MODES

EC for water and wastewater treatment has been studied in the batch and continuous modes
(Figure 7). Batch systems, in which the output depends on the operating time, are more suited

for research. The parametric optimization in the batch processes serves as guidelines to operate
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in the continuous mode, in which the outcome is not time dependent, but determined by the
inlet flow rate and space time. Continuous systems, which are inherently dynamic in application
and operate under steady state conditions, especially at fixed pollutant concentration and inlet
flow rate, are better at the industrial scale for large volumes of effluent. The continuous mode
of operation is preferred, as it can be more controlled than the batch mode of operation.
Moreover, continuous operations yield more predictable behavior and a better opportunity to

maintain a steady-state process, while consuming less energy in shorter time [40-42].
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Figure 7.Schemes of batch and continuous modes of operation.

6.3. SHAPE OF THE ELECTRODE

Very few studies exist in the literature on the effect of the shape of the electrode on the removal
efficiency of pollutants, as in most of the works plane electrodes are used. The shape of the
electrode affects the surface-area-to-volume ratio (S/V), which in its turn affects the
performance of EC. Usually, increasing this ratio increases pollutants removal efficiency.
Khandegar and Saroha showed in their study an increase in the color removal efficiency using
the punched electrode compared with the plane electrode [36]. In another study, Kobya et al.
who compared the effect of iron (Fe) ball and plate anodes on arsenic removal depicted a
removal efficiency of 99.3% and operating cost of 1.55 $/m? at 20 min with Fe ball electrodes
and 96.9% and 0.101 $/m?> at 6 min with for Fe plate electrodes, respectively [43]. Even though
complex electrode geometry is sometimes proposed in industrial units, planar electrodes make

maintenance easier for sacrificial anodes.
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6.4. ELECTRODE MATERIAL

Electrode material is one of the most important factors in EC [44]. In most literature studies on
electrocoagulation, both electrodes are made of the same material. Various metals such as
aluminum, iron, zinc, stainless steel, graphite, magnesium and titanium have been used as
electrode material in electrocoagulation [45-48]. Polyvalent metal electrodes such as aluminum
and iron are usually used to benefit from the coagulating properties of multivalent ions [49]. It

is worth noting that iron is cheaper than aluminum and not toxic as the latter.

In addition to these traditional materials, dimensionally stable anodes are sometimes used in
combination with sacrificial anodes, such as tin dioxide (SnO3), lead dioxide (PbO.), graphite
(C), nickel (Ni) and boron-doped diamond (BDD) electrodes, so as to enhance flotation. These
electrodes are more chemically resistant. Graphite and PbO> are the most common insoluble
anodes used in EC [50]. These anodes are advantageous, as they are cheap and readily available.
However, their utilization is restricted by their high oxygen evolution over-potential and, for
some of them, their low durability [51]. Titanium/lead dioxide (Ti/PbO2) or titanium/ silicon
dioxide (Ti/Si02) anodes are also used and are preferred to the expensive iridium oxide (IrOx)
and titanium/iridium oxide (Ti/IrOx) — tantalum pentoxide (Ta>0s), as they are more efficient

in oxidizing toxic compounds [52].

In their study, Dia et al. found that aluminum and iron have similar performance for organic
compounds removal [53]. In another study, Llano et al. who presented an integrated electro-
disinfection/EC (ED-EC) process for urban wastewater reuse that employs iron bipolar
electrodes, showed that the efficiency of the process depends mainly on the anodic material and
is not affected by the material of the bipolar electrode. In contrast, the removal of turbidity is
more efficient when iron is used as a bipolar electrode, especially at low current densities, due
to the formation of a passive layer on the aluminum that hinders the dissolution of the bipolar

electrode [54].

6.5. INTER-ELECTRODE DISTANCE

Inter-electrode distance (d) is another significant parameter that affects the removal efficiency
of pollutants during EC, as the electrostatic field relies on the distance between the anode and

cathode. As the inter-electrode distance increases, ohmic drop (IR) increases, as described by

eq. (14):
Ld
IR = e (eq. 14)
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where I is the current (A), d is the inter-electrode distance (m), A is the active anode surface

(m?), x is the specific conductivity (S/m).

At high inter-electrode distances, removal efficiency decreases due to reduced rate of mass
transfer and due to elevated ohmic drop which reduces the anodic oxidation [55]. Atashzaban
et al. reported that the removal efficiency of COD and TS decreased with increasing electrode
distance from 1 to 3 cm [56]. In another study, it was shown that COD removal efficiency
decreased from 83.3 to 48.3% as inter-electrode distance increased from 0.8 to 2.0 cm when
using Al electrodes, while it decreased from 90.5 to 48.3% with the same variation in the inter-
electrode using Fe electrodes [57]. Moreover, the inter-electrode distance also has an important

effect on the cell voltage U according to eq. (15):
U=E4+ns— Ec+nct+IR (eq. 15)

where E4 and Ec are the reversible anodic and cathodic potentials, respectively, and 74 and #c
are the corresponding overpotentials, respectively. The last term is related to the electrolyte IR
drop. This effect on cell voltage affects the electrical energy consumed (E) during EC,
according to eq. (16):

E=[UI-dt (eq. 16)

Martinez-Villafane et al. depicted the influence of inter-electrode distance on energy
consumption in EC, as they showed that that electrical energy consumption increased

from0.061 to 0.184 kWh/m?® with increasing the inter-electrode from 0.3 to 0.9 cm [58].

Finally, no general conclusion can be drawn from the choice of electrode material, as this is

strongly dependent on water quality and on economic criteria.

6.6. TEMPERATURE

The influence of temperature on the removal efficiency of pollutants by EC is not widely
reported in the literature, even though this technology has been used for more than 100 years.
In the EC process, the temperature cannot, in general, be controlled, as it can vary with place
and seasons, but the influence of temperature is of high interest. In a study conducted by Chou
et al., the influence of temperature on the removal efficiency of indium ions from aqueous
medium by EC with iron electrodes was investigated in the range of 288 K to 318 K. It was
found that, after 50 min of electrolysis, the indium ion removal efficiency reached 80.9%,

90.4%, 92.7%, and 94.1% for temperatures of 288, 298, 308 and 318 K, respectively [59]. This
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result is explained by the fact that higher temperatures led to greater mobility and more frequent
collisions of generated species, resulting in an increased reaction rate of the metal hydroxides
with pollutants [60]. However, there was no significant increase in the indium ion removal
efficiency after 50 min of electrolysis when the temperature was above 298 K [59]. This is due
to the increase of precipitates solubility [61]. In their study, they also showed that when the
solution temperature was increased from 298 to 308 and 318 K, the specific energy

consumption increased from 0.085 to 0.091 and 0.095 kWh/kg, respectively.

6.7. INITIAL POLLUTANT CONCENTRATION

The initial pollutant concentration, as temperature, varies with locations and seasons, and its
influence is also a function of the type of pollutant (soluble or not, inorganic or organic...).
However, the pollutant removal efficiency usually decreases with the increase in the initial
concentration of the pollutant at a constant current density. This is because the amount of metal
hydroxide flocs produced is insufficient to coagulate the high amount of pollutant molecules at
higher initial pollutant concentrations [62]. At elevated pollutant initial concentration, current
density does not usually have any significant effect on removal efficiency, especially at the
early stages of EC [63]. Modirshahla et al. reported that the removal efficiency of 4-nitrophenol
decreased from 99.9 to 88.7% as its initial concentration increases from 15 to 35 mg/L [64],

which is the most common trend reported in the literature, whatever the pollutant considered.

6.8. TYPE OF POWER SUPPLY

EC may be operated in Direct Current (DC) or Alternating Current (AC) mode. In DC mode,
the electric charge (current) only flows in one direction, however in AC mode, current changes
direction periodically. DC mode is reported more than AC mode in the literature and 50-60 Hz
sinusoidal voltage is usually poorly efficient, but square waves with low frequency are more
interesting. DC causes oxidation/consumption of the anode and formation of an oxide layer on
the cathode (cathode passivation) [65]. Passivation results in an increase in passive over
potential, which leads to higher energy consumption; this passive layer also results in a
decreased current flow between the two electrodes, especially at long operating time, and thus
decreases EC efficiency [2]. Some studies reported that passivation could be prevented when a
sufficient amount of chloride ions (initially present or added) which breakdown the passive
layer or by using AC mode which prevents passivation when Al or Fe electrodes are used [65].

Vasudevan et al. who investigated the effects of AC and DC modes on the removal efficiency
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of cadmium from water using aluminum alloy as anode and cathode, obtained a removal
efficiency of 97.5 and 96.2% with an energy consumption of 0.454 and 1.002 kWh/m?® at a
current density of 0.2 A/dm? and pH of 7.0 using AC and DC, respectively [66]. So, AC can
prevent passivation and improve EC performance, provided anode and cathode are of the same
material. However, even for square waves, no general study on the influence of the frequency

of polarity exchange is available up to now.

6.9. CURRENT DENSITY

Current density, j=I/4 (A/m?) is a result of dividing electric current / by the effective area of
the anode. It is the key parameter in EC, as it determines the coagulant dosage rate, bubble
production rate, size and growth of the flocs, which can influence the efficiency of the process
[58]. In practice, j is more robust than current / for scale-up purpose. Thus, it is the most studied
parameter in the literature, where it is usually imposed (galvanostatic mode), rather than voltage

(potentiometric mode) as along with time; so, it determines charge loading according to eq. (17)
I=jA=dq/dt (eq. 17)

where [ is current (A), ¢ charge loading (C), 4 the electrode surface area (m?), and 7 operating
time (s). As current density rises, the rate of anodic dissolution increases. This leads to an
increase in metal hydroxide flocs resulting in the increase of pollutant removal efficiency.
However, increasing current density above the optimum value does not further enhance removal
efficiency or sometimes it results in reducing pollutant removal efficiency due to parasitic

reactions which result in oxygen production [67].

Ulu et al. reported that the removal efficiency of humic acid increased from 81.6 to 87.6% as
current density increased from 0.42 tol.2 mA/cm? [68]. In another study, the removal efficiency
of sulfides increased from 60 to 84% with the increase of current density from 10.6 to 21.2
mA/cm? [69]. Similar results were demonstrated by Maha Lakshmi et al., as increasing current
density from 10 to 20 mA/cm? increased COD removal efficiency from 87% to 90%, however
further increase of current density till 40 mA/cm? decreased removal efficiency from 90% to
81% [67]. Den et al. who used EC for bio-treated distillery wastewater treatment using Al-Al
electrode pair reported an average percentage removal of COD, nitrate, and phosphate of 50%,
26% and 61%, respectively with the highest tested current density of 35.92 A/m?, flow rate of
0.4 L/min and initial pH of 3 [70]. Current also has an impact on electrical energy consumption

as shown by eq. (16). In one study, it was reported that increasing current density from 20 to
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50 A/m?at 12.8 m?/m? surface area to volume ratio increased power consumption from 0.0015

to 0.0067 kWh [71].

6.10. INITIAL pH

Solution pH is a main operating factor in EC, as it has a significant influence on the conductivity
of the solution, dissolution of the electrodes, speciation of hydroxides, and zeta-potential of
colloidal particles. However, it is complicated to establish a clear relationship between the pH

of the solution and pollutant removal efficiency as pH changes during EC [72].

Al and Fe electrodes behave differently during EC. Different species are formed in the solution
at different pH values. In highly basic solutions, AI(OH)4  and Fe(OH)4 ions are formed (even
though Figure 2 and Figure 3 have shown that the formation of AI(OH)4 anions is more likely
to occur than that of Fe(OH)4"). These ions are considered weak coagulants compared to Fe(III).
Fe(III) is efficient in a wider pH range than Al(III) and works also in slightly basic solutions.
At acidic pH, the dissolution of the iron electrodes is significant even without electricity [73].
Morgan and Lahav depicted the strong dependence of the reaction rate of Fe?* oxidation to Fe*"
(eq. 18) on pH and oxygen saturation conditions in non-electrochemical processes [74]. Under
alkaline conditions, the Fe*" ions will immediately oxidize to Fe*" (pH 7.6—14). At more acidic

pH values, the rates will be much lower and below pH 4, oxidation becomes negligible.

4Fe** + 0, + 2H,0 — 4Fe** + 40H- (eq. 18)

While reaction (eq.18) is not directly connected to the electrochemical process, it is influenced
by the oxygen saturation level in the solution and, thus, by the importance of the oxygen-
evolution and the redox potential of the solution. Both the oxygen state and the redox potential
can change as a result of EC. Therefore, it is important to understand whether different iron-

oxidation rates occur in electrochemical and non-electrochemical reactions.

Mouedhen et al. reported a sharp increase in the released amount of aluminum in the pH range
2-3. Beyond pH 3, the variation of the amount of dissolved aluminum was insignificant. In
their study, the amount of aluminum generated during electrolysis always exceeded that
theoretical calculated from Faraday’s law. When aluminum is used in EC and the initial pH is
acidic, final pH value rises and when initial pH is alkaline, final pH drops. In highly acidic or
alkaline solutions, the pH remains constant. This invariability is attributed to the limited effects
of phenomena allowing pH changes. For electrolyte at pH 9, the invariability of pH is due to

the fact that alkalizing phenomena offset the acidifying ones [14]. Chemical dissolution of
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aluminum cathodes, which increases the faradaic yield, takes place because pH increases to a
level where aluminate is formed. The acidic bulk solution inhibits this reaction because the

generated hydroxyl ions are consumed by the acid in the solution [75].

6.11. ELECTROLYSIS TIME

The efficiency of EC is strongly influenced by the operating time in the batch mode and space
time in the continuous mode, deduced from the cell volume to volumetric flow rate ratio. The
amount of coagulant produced during EC is directly proportional to the electric charge added
per unit of volume [76]. It is possible to calculate the amount of produced coagulant using
Faraday’s law (eq. 1) when current and operating time are known Even though, complete
pollutant removal is never achieved, the pollutant removal efficiency increases as electrolysis
time increases. However, beyond the optimum electrolysis time, the pollutant removal
efficiency remains constant and does not increase with a further increase in the electrolysis
time. This is because, sufficient amount of flocs is available for the removal of the pollutant
[77, 78]. As a conclusion, as for current density, electrolysis time is a key parameter in the

design and the scale-up of an EC cell.

6.12. ELECTROLYTES AND WATER CONDUCTIVITY

As shown previously by eq. (14), water conductivity has an influence on ohmic drop and
consequently on removal efficiency and energy consumption during EC. Increasing solution's
conductivity increases current density at constant applied voltage, or decreases the cell voltage
and thus power consumption at constant current density [79]. The conductivity of the solution
relies mainly on the nature and concentration of the electrolytes. In the literature, many types
of electrolytes have been studied, such as NaCl, BaCl,, KCI, Na>SOs, and KI. NaCl is often
added in to increase the ionic strength of the solution [51, 80], but this is not representative of
real water and wastewater in which mixtures of various ionic species are involved. For example,
Kobya et al. reported that removal efficiencies during EC remained unchanged with iron and
aluminum in the conductivity range of 10004000 uS/cm. The COD removal efficiency with
aluminum electrodes was slightly reduced, whereas with iron electrodes, it was slightly
enhanced with increasing conductivity. For both electrodes, the energy consumption decreased

with increasing wastewater conductivity [81].

In fact, electrolytes have three types of effects: they change water conductivity, but also the

ionic strength (which modifies water and ion activities), and they may finally have specific
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effects, e.g. by inducing or inhibiting secondary reactions. The concentration of specific anions
in the solution influences the stability of the passive layer of an electrode. CO3> and SO4> ions
lead to the deposition of Ca*" and Mg*" ions and the formation of an oxide layer which inhibits
metal dissolution from the electrodes and thus causes a reduction in faradaic yield [29, 82].
Chlorides, on the other hand, induce the breakdown of the passive layer by pitting corrosion
[83, 84]. The ratio of [C17]/[SO4*] should be 0.1 or higher to ensure the breakdown of the
passive film [85]. Some salts can precipitate on the cathodes if the concentration of the salt in
water is sufficiently high [86]. Another study which investigated the effect of co-existing ions
during EC using aluminum electrodes reported that the existence of sulfate ions inhibited the
localized corrosion of aluminum electrodes, leading to lower defluorination efficiency because
of lower current efficiency. However, the presence of chloride or nitrate ions prevented the
inhibition caused by sulfate ions. It was also demonstrated that chloride ions were more efficient
than nitrates [87]. In another study, Na>xSO4 was found less efficient than NaCl as a supporting
electrolyte for the removal of humic substances, oil-in-water emulsions, and fluoride. However,
for unskimmed milk sample and cutting oil emulsion, sulfate anions were found to be quite

harmful both for electrical consumption and EC efficiency [82].

As a conclusion, while conductivity is the main parameter studied in the literature, EC is also
affected by the type of anions involved, which is a key problem when for the design and the

scale-up of EC when large variability of water composition is possible.

7. EC COST ANALYSIS

The economic aspect of any process determines its practical applicability. Thus, EC should be
cost effective to be applied without obstacles. The costs in EC include, the cost of energy
consumption, the cost of electrode material consumed and the cost of any external chemical
added (for increasing the solution conductivity or modifying the pH of the solution), as well as
the costs of labor, maintenance, sludge dewatering and disposal. The latter costs items are
largely independent of the type of the electrode material and are rarely taken into consideration
in the literature when estimating EC costs.

Overall EC cost is usually evaluated as follows (eq. 19):

EC Cost ($/m?) = aEEC + bEMC + cCC (eq. 19)

The electrical energy consumption (EEC) is calculated in terms of kWh per m® of treated

effluent using eq. (20):
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EEC (kWh/m?) = =~ (eq. 20)

where U is the cell voltage (V), I the current (A), t the electrolysis time (h) and V the volume
(L) of effluent to be treated in the batch mode.

In parallel, electrode material consumed [(EMC) (kg/m?)] at the same time t considered for
EEC above is calculated theoretically by Faraday’s law. Finally, CC is chemicals consumed
(for pH and conductivity adjustment) and expressed in kg/m?>.

Thakur and Mondal studied the simultaneous arsenic and fluoride removal from synthetic and
real groundwater by EC. In their study, an operating cost of 0.357 US $/m? treated water was
needed for removal efficiency of 98.51% arsenic and 88.33% fluoride [88]. This cost is more
economic than the cost of using reverse osmosis (0.4-0.59 US $/m?) or activated alumina (0.41-
0.54 US $/m?) for the removal of arsenic and fluoride from water [89]. In another study,
Hashim et al. found that a minimum operating cost of 0.22 US $/m? is required to reduce iron
concentration in drinking water from 20 to 0.3 mg/L within 20 min of electrolysis [90]. This
cost is very economic when comparing it to other treatment methods used to remove iron from
drinking water, such as oxidation/filtration method which costs 4.05 US $/m* [91]. Elazzouzi
et al. who studied pollutants removal from urban wastewater found that EC required 0.9 $/kg

COD removed and 0.35 $/kg P removed [92].

Akbal et al. compared the operating cost of EC using Al and Fe electrodes to chemical
coagulation using Al(SO4)s. The operating cost was 0.590 US $/m? and 0.970 US $/m> with
Fe and Al electrodes, respectively, while it increased to 1.176 US $/m? with Al2(SO4)3[93].

8. EC APPLICATIONS

EC has been widely used for the treatment of different types of wastewater such as tannery and
textile industry wastewater, paper industry wastewater, refinery wastewater, food industry
wastewater, etc. Literature reports a lot of studies on the use of EC for wastewater treatment
and many reviews on EC applications are available. Table 4 summarizes some of the most

recent of these studies, which are complementary to older ones already reviewed [94-103].

Table 4. Recent EC studies. COD: Chemical oxygen demand, CODs: Soluble chemical oxygen
demand, BODS: 5-day biochemical oxygen demand, TSS: Total suspended solids, TPh: Total
phenolic.
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Current Operating Inter- Anode-
. or Initial Cathode Mode of Removal
Effluent density . electrode . . o Ref
) retention pH . operation efficiency (%)
(mA/cm?) time (min) distance(cm)
Batch Arsenic (98.51),
Groundwater 1 95 7 1 Al-Al Fluoride (83.33) 88
Drinking water 1.5 20 6 0.5 Al-Al Batch Iron (99.6) 90
Urban COD (85), BODs
i (84), TSS (94),
wastewater 20 30 7.4 3 Al-Al Batch N (63), NO; (73) 92
and P (99)
Drinking water 2 55 7 0.5 Al-Al Batch Nitrate (85) 104
Sy‘:ohl‘;ttlif)llead 113 10 7 | Zn-Zn Batch | Lead ions (99.9) | 105
Drinking water 2 25 6 0.5 Al-Al Batch Fluoride (98) 106
Textile COD (97.1),
wastewater 4 10 457 ! Al-Al Batch Phenol (99.99) 107
Synﬂvlve;grbﬂge / 120 7 1 Al-Al Batch COD:(®5) | 103
Synthetic .
acetamiprid 5 60 7.77 / Al-Al Batch Ac?;;n 611))rlCl 109
solution )
Synthetic arsenic Arsenic
solution 0.54 30 4 0.5 Fe-Fe Batch (99.5) 110
. TPh content
Syntll(fl?l‘t’iggeml 25 180 3.2 1 Zn-SS Batch (842),COD | 111
(40.3)
Rice grain based COD (80), color
distillery effluent 8.93 115 3.5 2 Cu-Cu Batch (65) 112
Cheese whey . COD
wastewater 60 20 5 1 Fe-Fe Continuous (86.4) 113
Strained yogurt 30 90 4.53 1 Fe-Fe Batch coD 114
wastewater (84)
Vaysf:‘izf:r 6.5 35 5.5 2 Al-Al | Continuous COD (85) 115
Dyehouse 6.5 350 55 2 Fe-Fe | Continuous coD 115
wastewater (77)
Anaerobically Total coliform
treated municipal 2 5 7.5 1.5 Al-Al Continuous (99.81), faecal 116
wastewater coliform (99.86)
Can
manufacturing 2 40 3 1.3 Al-Al Batch COD (72) 117
wastewater
Synthetic
glyphosate 6 60 6.7 6 Cu-Cu Batch Gg‘ghggs&;te 118
solution .

Table 4 clearly demonstrates the ability of EC to treat various types of water and wastewater. However,

EC has a limited ability to remove some substances, such as ammonium ions and it is unable to eliminate
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very soluble molecules such as, glucose, and lactose and volatile fatty acids (not mentioned in the table).
Concerning the pollutants removable by EC, optimization is required in many cases to improve the
removal efficiency of these pollutants. Moreover, more studies in the continuous mode should be carried
out, as the clear majority of works in the literature are carried out in the batch mode, which is an obstacle
in the way of scale-up. In addition to that, the EC modeling approaches in the literature are insufficient,
as only few authors took it to the next step and established models for design and scale-up of the EC
cells as a function of operating parameters. Such models could make easier to predict the performance
of EC reactors before designing them and provide us with a better understanding of the design aspects
allowing EC technology to progress beyond the current state of empiricism that prevails in the design of

EC cells.

9. COUPLING OF EC WITH OTHER TREATMENT METHODS

EC may be coupled with other treatment methods in a hybrid process to increase the removal efficiency
of pollutants. The most recent studies on hybrid processes involving EC with other treatment methods
are summarized in Table 5. As seen in Table 5, coupling conventional EC to other wastewater treatment
techniques could achieve very high removal efficiencies. This is not the only advantage of coupling, as
it also reduces power consumption and operating time, which makes it much better than conventional
EC. However, increased equipment cost and scale-up remain the major challenges of these hybrid
technologies for the coming years, although the very positive results obtained at the lab and bench scales

make them very promising.

Table 5. Recent studies of EC coupled with other treatment methods. COD: Chemical oxygen demand,
BOD: Biochemical oxygen demand, TOC: Total organic carbon, TPH: Total petroleum hydrocarbon.

Combination Effluent treated Removal efficiency (%) Reference
EC + Biofiltration Landfill leachate NH, (94), BOD (96), refractory COD (33), 119
Color (85)
EC + Adsorption (banana | Synthetic methylene Methylene blue (99) 120
peel) blue solution
EC + fixed film Oil refinery Total petroleum hydrocarbon TPH (98), 121
biological process wastewater COD (>95)
EC + Photoelectro- . .
Fenton processe + UVA Synthetic Tartr321ne Color (100) 122
Lo solution
light irradiation
EC/EF + Removlal.by Synthetic phthalates Butyl phthalate and Di(2-ethylhexyl)
Graphene-containing . phthalate (99),
. . and pharmaceuticals . . 123
ceramic composite solution Cephalexin, Sulfamethoxazole and Caffeine
tubular membrane (32-97)
EC + photocatalytic Lithographic TOC (74.43) 124
process wastewater
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EC + .Advanced Distillery industrial COD and color (100) 125
oxidation process effluent
. Synthetic
EC + photochemical . .
oxidation hydroqqmone Hydroquinone (91.5) 126
solution
EC + Dynamic Oily wastewater Effluent oil (65), Permeate oil (98.5) 127
membrane
EC + Ozonation Distillery industry Color (10), COD (95) 128
wastewater
EC + Electrooxidation Industrial park TOC (70.26), COD .(99.7), Color (100), 129
wastewater Turbidity (95)
. Synthetic .
EC + Electro-flotation Doxyeycline solution Doxycycline (99) 130
EC + H202 intermittent Synthetic
addition perfluorooctanoic Perfluorooctanoic acid (99) 131
acid solution
. S Arsenic
EC + anodic oxidation contaminated Arsenic (100) 132
groundwater

10. CONCLUSION

The rapid industrialization and urbanization are causing high levels of water pollution, which in its turn
reduces available clean water worldwide. Consequently, wastewater should be treated to face the
shortage of clean water. The choice of an effluent treatment technique is governed by various parameters,
such as the type of pollutants, their concentration, the volume to be treated and toxicity to microbes. EC
is an effective technique for the treatment of various kinds of wastewater, due to several advantages
including environmental capability, versatility, energy efficiency, safety and cost effectiveness. EC is
characterized by easy operation, simple equipment, short operating time and reduced amount of sludge

which retains less water and sediments rapidly.

However, pollution removal in EC results from the combination of complex mechanisms (colloidal
destabilization, adsorption...) which depend not only on the key operating parameters (current,
electrolysis time), but also are also sensitive to water properties (pH, ionic composition...) and also to
electrode passivation that may increases the operating cost of EC over time. As a consequence, even if
the potential applications of EC alone or in a hybrid process are numerous and attractive in the literature,
EC remains disregarded in comparison to other treatment processes because no design and scale-up rules
are clearly established. In addition, most of literature deals with experiments at the laboratory scale using
synthetic solutions; so, more studies should be performed at pilot plant scale and in the continuous mode
using real industrial effluents, which means that more research is still required to optimize pollutant

removal efficiency.
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CHAPTER 2: THE USE OF ELECTROCOAGULATION FOR THE
RECOVERY OF MICROALGAE AND PLANT EXTRACTS

This review article is submitted to the Journal of Applied Phycology. Consequently, this chapter
follows the guidelines of this journal.

Nidal Fayad, Tania Yehya, Fabrice Audonnet, Christophe Vial.

ABSTRACT

This paper aims to review the recent published literature related to the use of electrocoagulation (EC)
and relevant electrochemical methods for the recovery of microalgae and some plant extracts. The review
presents works carried out for the recovery of various microalgal species. It also focuses on the influence
of the main operating parameters on the process efficiency, details energy consumption in different
studies and discusses biomass and effluent pollution by metals (Al and Fe). Moreover, works performed

for the recovery of plant extracts by electrocoagulation are reviewed.

Keywords: electrocoagulation, recovery, plant extracts, microalgae

1. INTRODUCTION

Electrocoagulation (EC) is a non-specific electrochemical technique usually used for treating
contaminated water using electricity instead of expensive chemical reagents (Naje and Abbas 2013). It
has been successfully applied for treating potable water (Mameri et al. 2015), electroplating wastewater
(Adhoum et al. 2004; Kobya et al. 2016), laundry wastewater (Janpoor et al. 2011), restaurant wastewater
(Chen et al. 2000), poultry slaughterhouse wastewater (Bayar 2011), dyes (Mbacké 2016) and textile
industry effluent (Naje et al. 2016). EC exhibits many advantages over conventional chemical and
physicochemical treatments such as easy automation, low waste production, little maintenance
requirements and operation possibility at mild conditions (room temperature and atmospheric pressure)
(Cotillas et al. 2014).

Although EC has been successfully used for water and wastewater treatment, it was not widely employed
as a separation technique for the recovery of valuable biomolecules, such as microalgae and plant
extracts. Microalgae have been intensively researched due to their ability to produce biofuels (Ma et al.
2015) and their superiority over 1% generation energy crops in terms of energy potential, as shown in
Table 1. Microalgae are usually recovered using a two-step concentration process: thickening and

dewatering (Figure 1). These 2 stages consist of various biological, chemical and physical methods and
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are essential to obtain a thick algal slurry from the initial microalgal suspension and to facilitate further
downstream processes (Barros et al. 2015). The main methods usually used for thickening and
dewatering of microalgae are flocculation (Molina et al. 2003; Pérez et al. 2017), centrifugation
(Heasman et al. 2000; Dassey and Theegala 2013) and filtration (Zhao et al. 2017). Although these
processes have several advantages, they also have many drawbacks (Table 2) which necessitate the
development of alternative microalgal recovery techniques, such as dissolved air flotation, fluidic
oscillation, EC and others. When EC is employed for microalgae harvesting, the microalgal cells may be
recovered by flotation thanks to the hydrogen gas produced at the cathode, neutralization of these
negatively charged cells by the produced cations which increases their zeta potential and, thus, the cells
come close to each forming aggregates, adsorption onto the produced flocs or by sweeping flocculation

by these flocs.

On the other hand, plant extracts which are used in food, pharmaceuticals and cosmetics (Kammerer et
al. 2011) are usually recovered either by solvent extraction where costly and sometimes also toxic
organic solvents are used (Chairungsi et al. 2006), or by chromatography which uses the same kinds of
organic solvents and in which unrecoverable adsorbents are left over (Jumptong et al. 20006).
Accordingly, employing EC for harvesting plant extracts could be a successful replacement for the
conventional methods used.

In the first part of this review, works carried out by using EC and other electrochemical techniques for
the recovery of microalgae are presented. Moreover, the effects of operating parameters, electrical energy
consumption and metal (aluminum and iron) content in effluent and biomass are discussed. In the second
part, this review highlights studies performed for the recovery and purification of plant extracts using

EC.

Table 1. Analysis of the composition and energy potential of terrestrial, 1% generation energy crops,
versus microalgae (http://cellana.com/algae-oil/).
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Oil source Biomass Oil content Biodiesel Energy content
(Mt/ha/yr) (% dry mass) (Mt/ha/yr) (boe/1000 ha/day)
Microalgae 140-225 35-65 50-100 1150-2000
Soya 1-2.5 20 0.2-0.5 3-8
Rapeseed 3 40 1.2 22
Jatropha 7.5-10 30-50 2.2-5.3 40-100
Palm oil 19 20 3.7 63
Mt: metric tons, ha: hectare, yr: year, boe: barrel of oil equivalents
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Figure 1. Diagram of microalgae harvesting and drying techniques (Barros et al. 2015).

Table 2. Drawbacks of microalgae harvesting methods.

Harvesting method

Disadvantages

Reference

Chemical contamination

Highly dependent on pH
. . Flocculants may be microalgal species Zhang et al. 2014;
Chemical flocculation Specific Ahmad et al. 2014
Produces large amount of sludge that is
difficult to dehydrate

Bio-flocculation

High energy input is required

Lam et al. 2012a,b

High capital and operational costs

Christenson and

Centrifugation Cell damage Sims 2011
Fouling
Filtration Slow process

Appropriate for large algal cells

Mata et al. 2010

Cross flow membrane filtration

Membrane fouling and clogging

Elcik and Cakmakeci
2016; Castrillo et
al. 2013

Submerged membrane filtration

Scale-up problems

Bilad et al. 2012

Coagulation-membrane filtration

Coagulants might neutralize or increase
membrane surface charge

Lee et al. 2012a,b
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2. ELECTROCOAGULATION PROCESS

The electrocoagulation process involves both chemical and physical mechanisms working
simultaneously to separate suspended materials from their medium. By using electrolysis, coagulants can
be formed via the in-situ dissolution of cations from the reactive sacrificial anode. The charged cations
contribute to charge neutralization and destabilize the negatively charged microalgae cells, allowing
aggregation and floc formation to occur. The reduction reaction at the cathode generates hydrogen
bubbles which enable the resulting flocs to be carried to the surface and form a concentrated layer
(Uduman et al. 2010). The commonly used electrode materials are aluminum, iron, stainless steel, mild
steel and graphite as they are cheap, readily available and very effective. When aluminum and iron, the
most common, are used as anode material, metal ions are released and many ionic monomeric hydrolysis
species are formed, depending on the solution’s pH. The reactions that take place when using Al and Fe

electrodes during EC are summarized in Table 3 (Khandegar and Saroha 2013).

Table 3. Reactions at Al and Fe electrodes during EC.

Anode — Oxidation Cathode — Reduction

Al Al(s) = Alug® +3e (1) 3H,0 + 3e” — 3/2Hy,) + 30H™ (2)
Overall AP — AI(OH),®™ — Al(OH),*" — Al;(OH)s#" — Al;; complex — Al(OH);
reaction (3)

Fe Fe(s) — Fe(aq)2+ +2¢ 4 2H>0 +2e — Hyp) + 20H (6)

Fe(s) — Fewg® + 3¢ %) 3H,0 + 3¢ — 3/2Hy + 30H  (7)

Overall Fe@g?" +20H — Fe(OH)x) )
reaction Feug®  + 30H — Fe(OH);) 9)

The different steps that occur during EC are as follows (Zodi 2012):
a) Coagulants formation by sacrificial metal electrolytic oxidation;

b) Destabilization of contaminants, suspended solids and breakage of emulsions. This step includes
compression of the diffuse double layer around the charged species by the interaction of ions
generated by oxidation of the sacrificial anode, charge neutralization (resulting in a zero-net charge)
of the ionic species present in the media by counter ions produced by the electrochemical dissolution

of the sacrificial anode and floc formation as a result of particle bridging;
c¢) Aggregation of destabilized phases to form flocs.
Other electrolytic methods may be used for the recovery of microalgae such as, electroflocculation and
electroflotation. Electroflocculation is a process by which negatively charged algal cells are attracted to

the anode and are electrically neutralized there upon contact. In this process, the anode is both electrically

and chemically inert. Neutralized algae come together or self-flocculate to form large aggregates.
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Electrocoagulation is differentiated from electroflocculation by the oxidative dissolution of a sacrificial
anode, which provides a source of polyvalent metal cations that form large flocs and entrap the algal
cells. Both processes can use electrolysis to produce hydrogen gas at the cathode and oxygen gas at the
anode. Electroflotation may be a part of EC, i.e. it occurs when gas bubbles attach to algal flocs and rise
them to the water surface or it might be used as a separate process using non-sacrificial electrodes as
titanium. In this case, the aim is to produce gas bubbles that will attach and carry the microalgal cells to

the water surface.

3. INFLUENCE OF OPERATING PARAMETERS ON MICROALGAE
RECOVERY

Various parameters, such as initial pH, current density, initial concentration, salinity, agitation, electrode
material and inter-electrode distance affect recovery efficiency of microalgae. Accordingly, many studies
are reported in the literature on these parameters and their effect on recovery efficiency. These

parameters are discussed in the following part.

3.1. EFFECT OF INITIAL pH (pHi)

It is well known that pH is an essential parameter in EC (Mouedhen et al. 2008; Atashzaban et al. 2016),
as it determines the speciation of hydroxides in the solution. The net charge of hydroxides is positive at
acidic pH and negative at alkaline pH (Duan and Gregory 2003).

Concerning microalgal removal efficiency, Gao et al. (2010) found that electrocoagulation-flotation
(ECF) with aluminum electrodes exhibited a higher removal efficiency under the pH; of 4-7 when
compared to that under 7-10. These results were consistent with those of Vandamme et al. (2011) who
reported that for harvesting the freshwater microalgal species Chlorella vulgaris and the marine species
Phaeodactylum tricornutum using aluminum electrodes, the efficiency of the process decreased with
increasing pH. This pH influence was more pronounced with Phaeodactylum tricornutum than with
Chlorella vulgaris. These results are explained by the fact that under alkaline conditions, the formation
of the negatively charged aluminum hydroxide AI(OH)4 is promoted. This species does not react with
the negatively charged microalgal cells. However, under acidic conditions, the formation of positively
charged monomeric aluminum hydroxides, or polymeric aluminum hydroxide cations is favored (Mollah
et al. 2001). These aluminum species react with the negatively charged surface of the microalgal cells
and are able to destabilize the microalgal suspension by charge neutralization. Under these conditions,
coagulation—flocculation of microalgal cells is probably mostly due to sweeping coagulation—

flocculation by the insoluble aluminum hydroxide AI(OH); (Vandamme et al. 2011).
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In another study performed by Golzary et al. (2015), results depicted that a decrease of pH from 6 to 5
or an increase from 8 to 9 led to 4% and 2% decrease in microalgae harvesting efficiency, respectively
at a constant time and current density. However, with any given combination of time and current density,
pH 6 provided the highest recovery efficiency. Kim et al. (2012b) investigated the influence of three pH;
values (4, 6 and 8) on microalgae recovery efficiency, it was revealed that pH; 8 yielded the highest mean
recovery efficiency within the first 5 minutes of operation. However, after 5 minutes, the mean recovery
efficiency converged on a value of 93% at all tested pH;i values. It was also found that the amount of
settled microalgal flocs declined as pH increased.

On the contrary, Uduman et al. (2010) who worked on the recovery of the two marine microalgae species,
Chlorococcum sp. and Tetraselmis sp. neglected the effect of pH on microalgae recovery efficiency. This
result may be linked to the high salinity of water. Finally, this highlights that the influence of pH; is far

from being understood and strongly depends on the culture media.

3.2. EFFECT OF CURRENT DENSITY

Current density determines the coagulant dosage rate, bubble production rate, size and growth of the
flocs, which have immense effects on the effectiveness of EC (Katal and Pahlavanzadeh 2011), and thus
is one of the crucial factors in electrochemical processes. Optimal recovery higher than 80% of the fresh
water species Chlorella vulgaris was obtained with EC at a run time of 30 min and current density 3
mA/cm? (Vandamme et al. 2011). A more efficient recovery efficiency of the microalgae Desmodesmus
subspicatus of 95.4% was obtained by electroflotation with aluminum electrodes at a shorter run time of
only 20 minutes and with a current of 3 A (Baierle et al. 2015). Even a higher harvesting efficiency of
96% was obtained with a continuous electrolytic microalgae (CEM) harvest system where the run time
needed was shortened with the increase of current (15 min at 0.25 A, 10 min at 0.5 A and 5 min at 0.75
A), with no increase in recovery efficiency beyond 96% for longer times at all three currents used (Kim

et al. 2012a).

However, a better performance at higher current density was reported by Golzary et al. (2015). For
instance, when current density increased from 6.59 mA/cm? to 23.41 mA/cm?, microalgae recovery
efficiency increased from 65% to approximately 91%. Similar results were reported by Gao et al. (2010)
who found that the higher the current density was, the faster the electrocoagulation-flotation treatment
for algae removal was. For example, 25 min was demonstrated to be enough for complete removal at the
current density of 5 mA/cm?; while 45 min was needed at 1 mA/cm?. The higher efficiency and faster
microalgae harvesting at higher current densities could be explained according to Faraday’s law:

W = ItM/nF (10)
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where W is the dissolved electrode mass in grams, I the electric current in ampere, t the electrolysis time
in seconds, M the molecular weight of a given metal in grams per mole, n the number of electrons
exchanged in the electrode surface and F Faraday’s constant (F = 96,487 C/mol).

Based on Faraday’s law, electric current density has a direct effect on the anode dissolution rate, which
has a significant effect on EC process performance. As the electric current density increases the amount
of coagulant ions and, consequently, microalgae recovery rate increases. On the other hand, current
density determines the speed and the amount of hydrogen gas produced. The higher the hydrogen
production rate and, the greater the amount of algal cells rise to the water surface, and thus recovered.

As a conclusion, current emerges as the key operating parameter of the EC harvesting process.

3.3. EFFECT OF INITIAL CONCENTRATION

It is significant to assess the influence of microalgal initial concentration, as this concentration varies
with species and culture media. Usually, recovery efficiency decreases with the increase in initial
concentrationat constant current, as metallic cations will not be enough for harvesting all the microalgal
cells. Zhang et al. (2014) reported that the microalgal recovery efficiency decreased significantly from
98.7% to 4.49% when the cell density increased from 0.24 g/L to 1.10 g/L. Similar results were reported
by Gao at al. (2010). In practice, due to their culture condition, microalgae concentration often remains
below 1 g/L. This is favorable to EC in terms of harvesting efficiency, but not in terms of the cost of

algal lipid (Coons et al. 2014).

3.4. EFFECT OF SALINITY

Salinity of the solution has a direct effect on its conductivity, which is a key parameter in electrolysis
process, as it affects the microalgae harvesting efficiency and EC operating cost. This effect originates

from the influence of conductivity on ohmic drop, as shown in the following equation:

IR = Ld/A.x (an
where I is the current (A), d is the inter-electrode distance (m), A is the active anode surface (m?),  is
the specific conductivity (S/m). The solution must have some minimum conductivity for the flow of the
electric current (Khadengar and Saroha 2013). Current density increases as conductivity of the solution
increases at constant cell voltage or cell voltage decreases at constant current density (Kashefialasl et al.
2006). In a study conducted by Uduman et al. (2011), it was found that the percentage of microalgal
recovery decreased as the salinity of the microalgae culture decreased. Similar results were reported by

Lal and Das (2016), who found that increasing NaCl concentration from 0.5 g/L to 1 g/L reduced the
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time required to attain more than 95% recovery efficiency, from 30 min to 15 min. As a result, the
performance of the EC harvesting process strongly depends on the culture medium, which means that
the composition of culture media must be optimized not only for enhancing microalgae productivity, but

also microalgae harvesting.

3.5. EFFECT OF AGITATION

Agitation helps to maintain uniform conditions and to avoid the formation of concentration gradient in
the electrolysis cell. Moreover, agitation in the electrolysis cell enhances momentum and species
transport, in particular for the generated ions (Modirshahla et al. 2008). With respect to microalgae
recovery, agitation improves the recovery efficiency by enhancing contact rates between the coagulants
and the microalgal cells (Mollah et al. 2004). Several studies reported on the influence of agitation during
EC. For instance, Ilhan et al. (2008) reported that mechanical mixing interfered with the formation of
microalgal flocs, and hence increased electricity consumption. Kim et al. (2012b) noted that mechanical
mixing of the solution affects the CEM harvest system operated with PE (polarity exchange) at two
currents: 0.25 and 0.5 A. Their results indicated that recovery efficiency was 7% greater at 0.25 A with
mechanical mixing. In contrast, there was no noticeable effect of mechanical mixing on the mean
recovery efficiency at 0.5 A.

Maleki et al. (2014) noted in a series of experiments at current 1 A, inter-electrode distance 1 cm and
operating time of 20 minutes, that by increasing agitation speed from 0 to 200 rpm, the microalgae
harvesting efficiency increased from 91% to 97%. However, further increase in the speed till 400 rpm
decreased recovery efficiency from 97% to 94%. In another series of experiments conducted by the same
authors at current 0.3 A and operating time of 5 minutes, results depicted that increasing stirring speed
from 0 to 200 rpm increased recovery efficiency from 49% to 55%, but further increase in the speed till
400 rpm decreased recovery efficiency to 52%. It can be concluded that up to 200 rpm stirring speed,
mixing enabled clotted material to come closer to each other slowly and create larger particles, that could
easily float or sediment; however, when increasing speed to 400 rpm, coagulated material was either not
able to flocculate the microalgae or was broken after formation.

A better recovery efficiency was demonstrated by Vandamme et al. (2011), where the increase in stirring
speed from 0 to 60 and 150 rpm, reduced the time required to achieve destabilization of the microalgal
suspension by almost a factor of two. However, at the maximum stirring speed of 200 rpm, the time
required to achieve destabilization increased again. This highest stirring rate probably caused break-up
of microalgal flocs due to the high shear forces applied, resulting in a longer time needed to achieve a

similar recovery efficiency.
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However, the main weakness of all these works is that agitation conditions are never related to the EC
cell geometry and to dimensionless parameters, such as the Reynolds number, which reduces their

interest for scale-up purpose.

3.6. EFFECT OF ELECTRODE MATERIAL

Electrical-based methods are strongly influenced by the electrode material. Aluminum and iron are the
most commonly used metals in such type of process (Zayed and Bellakhal 2009; Llanos et al. 2014). In
most research studies, aluminum electrodes were more efficient than iron ones in term of harvesting
efficiency. The lower efficiency of the iron electrodes is probably due to the lower current efficiency
generated by iron electrodes when compared to aluminum electrodes (Caiiizares et al. 2006). Moreover,
iron hydroxides are relatively inefficient coagulants compared to aluminum hydroxides (Emamjomeh
and Sivakumar 2009). Table S summarizes some of the works which compare the efficiency of Al and
Fe electrodes. These works are presented in chronological order by the date of their publication (from

the oldest to the newest).

Table 5. Comparison of aluminum and iron efficiency during EC applied to microalgae harvesting under
the same experimental conditions.

Electrode material Recovery efficiency (%) Reference
Al 100 Gao et al.
Fe 78.9 2010
Al ~ 80 Vandamme et
Fe ~0 al. 2011
Al 91-97 Maleki et al.
Fe 70-86 2014
Al 95.4 Baierle et al.
Fe 64.7 2015

The electrode material also has a significant effect on the time needed to reach the highest recovery
efficiency. In a study conducted by Bleeke et al. (2015), a time duration of 7.3 min, 9.0 min, 14.2 min,
14.6 min, 30.9 min and 46.9 min was required to reach 90% recovery efficiency with magnesium,
aluminum, zinc, copper, brass and iron, respectively. Kim et al. compared the efficiency of two electrode
pairs (1) aluminum and dimensionally stable anode (AlI-DSA), and (2) Al-platinum (Al-Pt). Their
results demonstrated that the pair AI-DSA exhibited better performance than Al-Pt, as it led to less cell
damage and was less expensive (Kim et al. 2012a). However, even the cost of many DSA electrodes
does not comply with the economic constraints of microalgae harvesting in comparison to Al or Fe

electrodes.
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3.7. EFFECT OF INTER-ELECTRODE DISTANCE (d)

The inter-electrode distance is another variable which may have an influence on the efficiency of EC, as
it affects the ohmic drop as shown previously by equation 11. When the distance increases, the faradaic
yield, which is the result of dividing the experimental anode mass loss over the theoretical mass loss,
decreases. Consequently, the amount of metal getting dissolved into the solution is reduced (Attour et al.
2014). Consequently, the microalgal recovery efficiency decreases at higher inter-electrode distance.
Another possible explanation for the higher recovery efficiency at lower inter-electrode distance is that
low inter-electrode distances result in an electric field with high potential gradient and low resistance to
motion of ions. This results in a faster formation of aluminum hydroxide species and in faster collision

of precipitate particles with microalgal cells and H> bubbles (Hakizimana et al. 2016).

Some data are available in the literature on the effect of inter-electrode distance on microalgae harvesting
efficiency using different electrochemical methods. However, due to the absence of a common tested
microalgal species and cell concentration, it is complicated to make a strict and clear comparison among
these results. Literature data can be summarized as follows. Concerning harvesting efficiency, Valero et
al. (2015) who evaluated the biomass separation of the microalgal species Desmodesmus subspicatus by
electroflotation with a spiral-shaped electrode using aluminum or iron tubes, found that inter-electrode
distance of 5.5 cm was 2.61% more effective than the inter-clectrode distance of 7 cm, and 3.15% than
11 cm distance. A similar result was reported by Maleki et al. (2014) who found that the electrode gap
has positive linear effect and negative quadratic effects on the recovery efficiency. When ECF was
conducted with aluminum electrodes, stirring speed of 200 rpm, current intensity of 1 A and ECF time
of 20 minutes, increasing electrode gap from 1 to 2 cm decreased the recovery efficiency from 97% to
95% and with increasing electrode gap to 3 cm, the recovery efficiency was reduced to 85%. When ECF
was carried out at current intensity of 300 mA, while fixing the other conditions (aluminum electrodes,
stirring speed of 200 rpm and ECF time of 20 minutes), it was observed that by increasing the electrode
gap from 1 to 2 cm, the recovery efficiency has decreased from 92% to 89%, and with increasing the
inter-electrode distance to 3 cm, the recovery efficiency has decreased to 79%.

In practice, it emerges that there is, probably, an optimum distance between electrodes to maximize
microalgae harvesting. However, this distance must also account for hydrodynamics and the ease of
maintenance when sacrificial electrodes must be changed, even though these aspects are seldom

accounted for in the literature.
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4. ELECTROCHEMICAL STUDIES FOR MICROALGAE RECOVERY

Various environment friendly electrical approaches and methods combinations are employed for
microalgae harvesting (Uduman et al. 2010). The two most used techniques for harvesting both
freshwater and marine microalgae are electroflocculation and electrocoagulation processes. Table 4
summarizes works carried out on microalgae recovery using electrical-based methods, in the
chronological order of their publishing date (from the oldest to the newest). In the works summarized in
this table, the tested parameters are as follows: Initial pH (pHj), initial concentration (C;), volume (V),
current (I), current density (J), U (voltage), frequency (F), height of the culture column (H), stirring speed
(SS), inter-electrode distance (d), temperature (T), optical density (OD), time (t), and electrode material
(Al — Aluminum, Fe — Iron, C — Carbon, Ni — Nickel, Pt — Platinum, Pb — Lead, Mg — Magnesium, DSE
— Dimensionally stable electrode).

As seen in Table 4, electrochemical methods were successfully used for harvesting different microalgal
species; however, there is a lack of common reliable operating conditions, which is an obstacle in the
way of scale-up. Moreover, most of the studies are, unfortunately, carried out in the batch mode, which
raises the question about their benefit. In conclusion, despite the high potential of EC for microalgae
harvesting that emerges from Table 4, industrial application remains in the future because the design

and scale-up methodology for continuous EC harvesting process is still to be established.

Table 4. Summary of works carried out on microalgae recovery using electrical based methods.
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Microalgae or Electrode . o
Effluent Process Material Experimental set-up R (%) Ref
Coelosphaerium sp.,
Aphamzowenon sp., pH; 8;
Closterium sp., v
Pediastrum sp V=100L;
N Electrolytic Ci=2.7-36.1 mg/L; Poelman et al.
Cryptomonas sp., flocculation in batch Pb-Al [=4A; =90 1997
Staurastrum sp., _ )
; U=85V;
Asterionella sp., d=185 cm
Cyclotella sp., ’
Melosira sp.
Electroflocculation in C :p Iili61 1/;L\'/I: :%61(1;1’ A
Botryococcus brauni batch integrated with Al C gt oA = 98.9 Xu et al. 2010
. . . U=60V;d=10cm; t=
dispersed-air flotation .
min
pHi4-7; V=1L,
. . . Ci=0.55%10°-
Microcystis | Electrocoagulation | 153410° ellymL; | 100 | Gaoetal 2010
aeruginosa otatio atc 1= 1 mA/em?: SS -
200 rpm; T =18 - 36 °C
pHi 9.1 and 8.3 for Chlor | Chlor
Chiorococcum s and Tetr, respectively; 98
(Chior) and P- Electrocoagulation in Stainless V=03L;Ci=0.6 gL Uduman et al.
Tetraselmis sp. (Tetr) batch steel and 0.3 g/L for Chlor and 2011
P Tetr, respectively; U =10 Tetr
V;d=4.8 cm;t= 15 min 99
Chlorella vulgaris Electro-coagulation- pH; 8 V= 1 L; Gi= 0'3 ) Vandamme et
.o, Al 0.6 g/L; J =3 mA/cm*; 92
flocculation in batch L N . al. 2011
no stirring; t = 20 min
Phaeodactylum Electro-coagulation- Al p(I){ i68; /Xj i Ifniic?ng ) 7 Vandamme et
tricornutum flocculation in batch OEL TS ’ al. 2011
no stirring
Continuous pHi8.3; Ci=1g/L; 1= Kim et al
Nannochloris oculata | microalgae recovery Al-Pt 0.25 A; SS= 150 rpm; T >99 ’
. ) - o . ; 2012a
using electrolysis =25+1°C;t=15 min
Continuous il 18.:3 é)(;iSZAI'g/L; Kim et al
Nannochloris oculata mlcirr(:alglae trreclovz:ry Al-DSE SS = 150 rpm; T = 25°C 99.9 20124
using electrolysis £ 1°C; t = 10 min
micrgz?lntei:l;(e)g(s)ver pH;8; Ci= 1g/L; Kim et al
Nannochloris oculata | ™ & OVelY | AILDSE | 1=0.25A;SS=150rpm; | 95.8 '
using electrolysis with o . 2012b
. T=25°C;t=15min
polarity exchange
pH; 8.4; Ci= 149.5x10*
. Electroflocculation in cellssmL;I=99 A; U=
Tetraselmis sp. batch Al 5.3V: SS = 20 rad/s: T = 92 Lee et al. 2013
22°C; t= 0.5 min
pH;i 8.4; Ci= 135.5x10*
. Electroflocculation in cellssmL;I1=99 A; U=
Tetraselmis sp. batch Al 5.2V: SS = 20 rad/s; 95 Lee et al. 2013
T =22°C;t=1min
V=05L;Ci=25¢g/L;J
. = 33.3 mA/cm?;
. Electrocoagulation in _ PR Matos et al.
Chlorella vulgaris batch Al SS = 15(1rpm, q- lempt | 88.7 2013b
=30 min
Dunaliella Salina Al | G ODaoof0.333; V=1 o 4 | Zenouzi etal.

300 mL; J =90 A/m?,

2013
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Electroflocculation in SS=100 rpm ;
batch d=1cm;t=3 min
pH; 5.70 £ 0.15;
Desmodesmus Electroflotation in Al C;=1.84x107cells/mL; 66- Baierle et al.
subspicatus batch J=5.6 mA/cm?; 95.4 2015
t=15-20 min
pHi5.70 £ 0.15;
Desmodesmus Electroflotation in Fe Ci = 1.84x107cells/mL; 64.7- Baierle et al.
subspicatus J=5.6 mA/cm?; 89.3 2015
batch _ .
t=15-20 min
. =999 mA; .
Dunaliella Salina Electro-coagulation- Al SS=222mpm: d= 139 | 98.06 | Malekictal
flocculation in batch - . 2014
cm; t =20 min
pHi8; V=0.65L;
. Ci=0.48 g/L;
Chlorella vulgaris | T\octro-coagulation- Al J=2.08 mA/cmg; SS=50 | 992 | Zhangetal
flotation in batch - 2014
rpm; d =2 cm;
t =20 min
Chlorella, . Hi 6.5, V=02L;
Chioroccum, ElectroﬂoccElanon in Al C?= 04 gL U=5V: ~90 Udh;yell :t al.
Chlamydomonas batc d=3cm; t=30 min 0
Pond wastewater from . Non V=29L (reactor 1) and
Fortaleza. Ceard Electroflotation in sacrificial 40 L (reactor 2 ); 99 de Carvalho
Bra;il ? batch steel F=1.56 kHz; Neto et al. 2014
d=0.5cm; t=140 min
Scenedesmus sp. Ci = 10° cells/mL;

(24%) Electroflocculation in Fe U=10V;H=4 cm; 95 Valero et al.
Kirchneriella sp. (1%) batch d=5.5cm; T=22°C; 2015
Microcystis sp. (15%) t=1 min

pHi 6; V=128 L; Golzary et al
Electro-coagulation— Ci=0.82 mg/L; 4 )
Chlorella sp. flotation i bateh Al I=16 mA/fmz; %638 2015
d=1cm;t=17.65 min
pHi9; V=09L;
Electrochemical Non- Ci=24¢g/L; Misra et al.
Scenedesmus obliquus harvesting in batch sacrificial I=15A;U=46V, 83 2015
carbon [NaCl] =6 g/L;
d=3 cm; t =60 min
pH; 7-8;
Scenec{esmus Electroflocculation in Mg C.=1 x\llo; ((:)e?lz /IrEL; U= 90 Bleeke et al.
acuminatus batch 40 V; SS = 100 rpm; 2015
d=25cm;t=7.3 min
pHi8; V=1L;
Ankistrodesmus Electrochemical C Ci=2.88 g/L; 91 Guldhe et al.
falcatus harvesting in batch I=1A;d=3cm; 2016
t=30 min
Continuous electro- pH; 7.5, Ci=0D of 1.4;
Nannochloropsis sp coagulation— Ni U=7V;d=0.635 cm; 92 Shuman ct al.
’ . Flow rate = 0.4 L/min; t = 2016
flocculation :
30 min
pHi6 -7, V= 04L; Chior
Chlorella . Electroflocculation in Stainless Ci= 12’ > g/f; =166 | 95-98 Lal and Das
(Chlor), Synechocystis batch steel mA/cm*;, U=12V;SS = Synec 2016
(Synec) 150 rpm; [NaCl] =1 g/L; 96

d=4cm;t=15min

55




5. EFFECT OF ELECTROCHEMICAL METHODS ON MICROALGAL
LIPID CONTENT

To be deemed successful, any employed microlalgal harvesting technique must not affect the lipid
content and should not hamper the extraction techniques that follow the recovery. Also, it should not
significantly modify the lipid profile, for example by oxidizing unsaturated fatty acids. The studies which
investigated the lipid profile after microalgae harvesting are rare in the literature. Misra et al. (2015) who
investigated the harvesting of Chlorella sorokiniana and Scenedesmus obliquus, reported that ECF did
not affect lipid content in both microalgal species. In their work, the lipid content after ECF, was kept at
12% and 15% dry cell weight for C. sorokiniana and S. obliquus, respectively. As a result, more work is
needed to confirm that EC does not impair the lipid profile and, consequently, the quality of algal biofuel,

even though the electric field in EC should not be intense enough to affect intracellular materials.

6. ENERGY CONSUMPTION

Energy consumption during the recovery of microalgae is an essential element that determines the future
applicability of the process involved in microalgae harvesting. In current microalgal production systems
for high value applications, centrifugation is the most commonly used technology for harvesting
microalgae (Vandamme et al. 2011), where the electrical energy consumption of conventional
centrifugation has been estimated at 8 kWh/m® of microalgal suspension (Danquah et al. 2009). At the
same time, it is worth noting that harvesting microalgae by electrochemical based methods were found
to consume less energy than centrifugation. Table 6 compares the energy expenditure of different
methods used for microalgae harvesting to electrochemical methods. The works in this table are depicted
in chronological order by the date of publication (from the oldest to the newest).

Coons et al. (2014) reported that the operating cost for microalgal recovery under continuous flow
conditions by electrochemical methods is a function of the ratio of electric current to algal water flow
rate (I/Q) and on the initial biomass concentration, as shown in Figure 2. The I/Q parameter in the
continuous mode corresponds to the q/V parameter in the batch mode where g=It is charge loading, V
the volume of the EC cell and t the electrolysis time. Figure 2 shows a large discrepancy in the I/Q
values, from 10 to 400 Ah/m?®, which cannot be explained only by differences in microalgae species and
concentrations, which confirms that the design of EC cells for microalgae harvesting is far from being
mature.

Table 6. Energy expenditure of different methods used for microalgae harvesting
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[Blytarvesting: Algae Concentration (kg/m?)

Energy
Harvesting Process expenditure Reference
(kWh/m?)
Electrolytic flocculation 0.3 Poelman et al. 1997
Filtration (pressurized) 0.88 Semerjian and Ayoub 2003
Centrifugation 8 Molina et al. 2003
Gravity sedimentation 0.1 Shelef et al. 1984
Vaccum filtration 59 Molina et al. 2003
Filtration 0.4 Semerjian and Ayoub 2003
Electroflotation 5 Azarian et al. 2007
Polymer flocculation 14.81 Danquah et al. 2009
Tangential flow filtration 2.06 Danquah et al. 2009
Electrocoagulation-flotation 0.4 Gao et al. 2010
Electrocoagulation 1.3-55 Uduman et al. 2011
Electroflocculation 0.621 Zenouzi et al. 2013
Electroflocculation-flotation 0.16 Lee et al. 2013
Electrocoagulation 0.06 - 1 Matos et al. 2013b
Electrocoagulation-flotation 0.022-0.134 Golzary et al. 2015
Electrochemical harvesting 9.2 Misra et al. 2015
Electrochemical harvesting 7.9 Guldhe et al. 2016
Electrocoagulation-flocculation 0.08 - 6.43 Shuman et al. 2016
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Figure 2. A survey of conditions applied for the removal of algae from water using electrolytic
separation technologies. Open and closed symbols represent freshwater and marine species of algae,

respectively.
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In practice, many other parameters can explain these discrepancies. Different studies in the literature
investigated the influence of electrode material and changing the range of tested variables on the energy
expenditure of EC and other electrochemical methods used for microalgae harvesting. First, a study
conducted on harvesting the freshwater microalgae (Chlorella vulgaris) and the marine microalgae
(Phaeodactylum tricornutum) by electro-coagulation-flocculation, reported that the minimal electrical
energy consumption per unit of microalgal biomass recovered was much lower when lower current
densities were used. For Chlorella vulgaris, 0.59 kWh/m?® recovered microalgae was consumed at a
current density of 1.5 mA/cm?, while 4.27 kWh/m® recovered microalgae was consumed at 6 mA/cm?.
For Phaeodactylum tricornutum, the difference was smaller, with 0.09 kWh/m? recovered microalgae
consumed at 0.6 mA/cm? and 0.18 kWh/m® recovered microalgae was consumed at 3 mA/cm?
(Vandamme et al. 2011). Similar results were obtained with Gao et al. (2010), where energy consumption
increased dramatically from 0.20 to 2.28 kWh/m? as current density varied from 0.5 to 5.0 mA/cm?. The
results of Guldhe et al. (2016) who harvested microalgae electrochemically using non-sacrificial carbon
electrodes followed the same trend, as increasing current from 0.5 to 1.5 A increased energy consumption
from 2.42 to 10.43 kWh/m”.

Similarly, the influence of water properties could also explain these discrepancies. Concerning the
influence of pH on energy consumption during EC for microalgae recovery, a study carried out by Gao
et al. (2010) showed that when initial pH (pH;) varied in the range of 4-7, the energy consumption was
constant at the level of about 0.3 kWh/m?®. However, as the pH; further increased from 7 to 9, the
electrolysis time required for complete microalgal removal increased from 45 to 75 min correspondingly,
which led to an increase of energy consumption from 0.3 to 0.53 kWh/m?>. On the other hand, a similar
energy consumption was noted for pH; values of 9 and 10 (0.53 kWh/m? vs. 0.60 kWh/m?*), mainly due
to the same electrolysis time of 75 min required for complete microalgae removal. In another study on
the effect of pH on energy expenditure, Zhang et al. (2014) who investigated the influence of pH; in the
range of 5-9, reported that the lowest energy consumed (0.15 kWh/m?) was achieved at pH; 5. When
testing the effect of salt addition on energy consumption during the electrochemical recovery of
microalgae, Misra et al. (2015) concluded that adding 6 g/L of NaCl when working at current 1.5 A
decreased energy consumption from 21.29 to 8.12 kWh/m’.

Concerning the influence of inter-electrode distance d on energy expenditure, Zenouzi et al. (2013) who
harvested the microalgae Dunaliella Salina found that energy expenditure increased from 0.13 to 0.23
kWh/m? upon increasing the inter-electrode distance from 1 to 4 cm. In another work, Lee et al. (2013)
who tested the influence of inter-electrode distance in the range of 5 — 30 cm, reported that the energy

consumption was approximately flat up to a d value of 15 cm followed by a steady increase.
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Other works depicted that the electrode material had a strong influence on energy consumption. Zenouzi
et al. (2013) reported that when switching from Fe to Al electrodes, the energy expenditure decreased
from 0.765 to 0.621 kWh/m®. Another study on the effect of electrode material on the energy
consumption using electrolysis with polarity exchange for the continuous recovery of the microalgae
Nannochloris oculata, found that energy consumption was 1.19 kWh/m*® when the electrode pair
Aluminum-Platinum (Al-Pt) was tested; however, this energy expenditure was higher (1.23 kWh/m?)
with the electrode pair Aluminum-Dimensionally stable anode (AI-DSA) (Kim et al. 2012a).

Another author suggested that combining different recovery methods could lower the energy
consumption. In fact, combining electroflocculation with mixing and settling, in harvesting the
microalgae Tetraselmis sp. lowered energy consumption from 0.16 kWh/m?, which was obtained with
electroflocculation followed by flotation to 0.09 kWh/m? (Lee et al. 2013).

Finally, it appears that for minimizing energy consumption and assessing the economic viability the EC
harvesting process, only an optimization procedure involving all these parameters for a defined culture

medium and microalgae concentration range seems possible at the moment.

7. RECOVERY OF PLANT EXTRACTS USING
ELECTROCOAGULATION

The recovery of plant extracts is usually carried out by a complicated procedure using expensive solvents.
Over the past years, EC was used, alone or coupled to other techniques, as an alternative method for
plant extracts recovery. As for microalgae, this constitutes a rather original use of EC that was designed,
first, to remove pollutants from water and not to harvest or recover molecules and products of interest.
In these studies, EC was first applied to plant extracts, and then, it was usually followed by more steps
which included extraction using solvents to obtain the pure form of the targeted biomolecule. Table 7
summarizes most of these studies. The main points of the works are reported in the table in the

chronological order of their publication (from the oldest to the newest).
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Table 7. Electrocoagulation studies for the recovery of plant extracts. Al — aluminum, Fe — iron, d —
inter-electrode distance, NaCl — Sodium chloride, DC — direct current, t — electrolysis time, V — treated

solution volume.

Treated solution

Experimental conditions and
procedure

Result

Reference

Quercus brandisiana,
Quercus kingiana and
Castanopsis armata

Aqueous bark extracts of
five plants: Lithocarpus
elegans, Quercus kerrii,

EC:AlLt=60min,d=3cm, V
=800 mL, DC current (2.0 A,
16 V), 1.6 g NaCl

After EC, the mixture was
filtered and dried, dissolved in
acid and then extracted with
alcohol which was finally
evaporated

- Recovery between 59% and
95% of the crude extract

- An enrichment between 0% and
48% of the phenolic substances in

the recovery extract (exposed to
EC) compared to the crude extract

- The recovery extracts, except
that of Castanopsis armata
showed more activity than the
crude extracts

- Poor correlation between the
degree of tannin enrichment and
antioxidant activity increases

- In the case of Castanopsis
armata, the recovery extract
contained equal amount of tannin
as the crude extract (73%);

the antioxidant activity of the
former decreased 44% compared
to that of the latter

Chowwanapoonpohn
et al. 2003

Aqueous alcoholic
synthetic solutions of

tannin and morin

(aqueous ethanol
concentrations used
were 25%, 50%, 75% or
85% v/v)

EC: A, t=120min,d=3 cm, V
=250 mL, DC current (0.3 A),
0.5 g NaCl

-At a concentration of 0.1%
tannin in 85% cthanol, the
solution was almost completely
detannized within 15 minutes

- At a concentration of 1.0%
tannin, complete detannization
needed 80 minutes

- In the case of morin: as the
water in the solvent decreased (or
the alcohol increased),
coagulation efficiency decreased

Chairungsi et al.
2006a

extract from Spinach
oleracea (extracted with
75 or 85% ethanol)

current (0.9 A, 16.9-31.6 V), 0.2
g NaCl

proportionally
Aqueous B-carotene - B-carotene was hardly affected
alcoholic synthetic ) by EC with both Al and Fe
solution EC: Al or Fe, t = 120 min, d = electrodes . ,
Crude chlorophyll 1.5cm, V=200mL, DC Chairungsi et al.

- In the case of chlorophyll,

coagulation was less efficient as

the water content in the solvent
decreased

2006a

Alcoholic synthetic
solutions of the
following quinones:
alizarin, purpurin,
chrysazin, emodin,
anthrarufin and
plumbagin

EC: Al, V=250mL, t=120
min, d =3 c¢cm, DC current (0.3
A, 24-31 V), 0.5 g NaCl

- The two most rapidly and
completely coagulated quinones
were alizarin and purpurin

- Chrysazin and emodin were

coagulated less completely and

more slowly than the first two
ones

- Anthrarufin and plumbagin

which were barely coagulated

Chairungsi et al.
2006b
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Aqueous alcoholic
extract of the roots
of Plumbago rosea

EC: Al, t=120 min,d=3 cm,
DC current (2.0 A, 12 V), 0.2%
NaCl

After EC, the mixture was
filtered and re-electrolyzed,
refiltered, distilled and extracted

- 0.49 g of pure plumbagin were
obtained (0.54 % yield)

- The obtained plumbagin was
identical to authentic plumbagin

Chairungsi et al.
2006b

Aqueous alcoholic
extract of the roots
of Morinda angustifolia

EC: Al, t=30min, d=1.5 cm,
DC current (1.7 A, 30V), 0.1%
NaCl

After EC, the mixture was
filtered and dissolved in acid
and then extracted with alcohol
which was finally evaporated

- 2.72 g of morindone were
obtained

- The obained morindone was
identical to authentic morindone

Chairungsi et al.
2006b

Aqueous alcoholic
extract of seedlac

EC: Al, t=60 min, d =3 cm,
DC current (0.3 A, 22-27 V),
0.2% NaCl

After EC, the mixture was
filtered and the filtrate was
evaporated. The residue was
dissolved in ethanol followed
by filtration and evaporation.

- 0.37 g of erythrolaccin were
obtained

- The obtained erythrolaccin was
not identical to the authentic
erythrolaccin

Chairungsi et al.
2006b

Aqueous alcoholic
extracts of the leaves of
the following plants
Stevia rebaudiana
(stevia), Cassia siamea,
Solanum laciniatum,
Andrographis paniculata

and Centella asiatica

EC: Alor Fe, t=120-150 min,
d=1.5cm, V=200 mL, DC
current (0.9 A, 16.9-31.6 V),

0.1% NaCl.

After EC, the mixture was
filtered to afford a colorless
solution.

- Dechlorophyllation by EC was
more efficient than the
conventional solvent fractionation

- Solasodine was obtained at a
yield of 1%

- The yield of bioactive lactone in
the crude extract was 38%

- Asiaticoside was obtained at a
4% yield in the crude extract

Jumpatong et al.
2006

Synthetic solutions of
the following alkaloids:
caffeine, capsaisin,
reserpine, ajmaline and
arecoline

EC: Al, t=120 min,d =3 cm,
V =200 mL, DC current (0.2-
2.6 A, 19-31V),0.4 g NaCl

The alkaloids remained in the
electrolyzed solution.

Phutthawong et al.
2007

Aqueous alcoholic
extracts of dry tea
leaves, dry tobacco
leaves, dry black pepper
fruits, areca nuts, fruits
of Capsicum frutescens
and roots of Rauvolfia
serpentina

EC: AlorFe, t=30—- 150 min,
d=1.5-3 cm, DC current (up
to 8 A and 31 V), 0.2% NaCl

After EC, the mixture was
filtered followed by evaporating
the solvent and dissolving it in a

little non-aqueous solvent

- Caffeine was extracted from tea

in a purer form but in lower yield

(0.4 vs. 0.7%), than that obtained

by a classical laboratory
procedure.

- Capsaicin and dihydrocapsaicin
were isolated from red chili at a
yield of 0.4%.

- Resperine and ajmaline were
isolated from the roots of

Rauvolfia serpentina at a yield of

0.1% and 0.8%, respectively.

Phutthawong et al.
2007

It is also worth noting that in some cases, flocs formed a gel at the end of EC, which was used for
subsequent extraction steps. An example is applying the adsorption step onto aluminum hydroxide gel

produced by EC as a clarification stage in downstream processing of tobacco leaf extracts (Phutthawong
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et al. 2007). Results have shown high removal efficiencies of chlorophyll and phenolic compounds from
extracts while losing only a small fraction of proteins. But the process was most efficient in removing
proteins with acidic isoelectric point (pI below 6.03), independently of EC pH. In addition to that, the
removal efficiencies of proteins with acidic pl were higher at lower EC pH, whereas the removal
efficiency of basic proteins was higher at higher EC pH.

In general, EC has demonstrated its capability to contribute to the recovery of various plant extracts.
However, the studies which employ EC for harvesting plant extracts are still very rare in the literature,
with no studies in the continuous mode. Consequently, and as EC use for plant extracts recovery is still
at the preliminary stage, much work is required to fill this gap, eventhough EC has already shown the
potential to replace or assist the expensive conventional methods used for the recovery of plant extracts,

as a preliminary purification step.

8. ALUMINUM AND IRON CONTENT OF EFFLUENT AND BIOMASS

8.1. ALUMINUM AND IRON EFFECT ON HUMAN HEALTH

Although EC is a successful and reliable technique for harvesting biomolecules, metal contamination
which results primarily from the oxidation of the anode, should not be ignored. In fact, aluminum and
iron affect human negatively. Starting with aluminum, an association was discovered between the

presence of aluminum (AI**

) in scalp hair samples and Alzheimer’s disease in patients (Arain et al. 2015).
Other research studies (Kruger and Parsons 2007; Sang et al. 2008) have indicated that these metal ions
accumulate in the bone and brain, leading to encephalopathy, weakening neurological development and
causing renal osteodystrophy, which is thought to be at the origin of Parkinson’s disease. Moreover, oral
introduction of small doses of aluminum sulfates to rats stimulated defects in learning and memory
(Bondy 2010). The Environmental Protection Agency (EPA) recommends a Secondary Maximum
Contaminant Level (SMCL) of 0.05-0.2 mg/L for aluminum in drinking water. The Food and Drug
Administration (FDA) set a limit for bottled water of 0.2 mg/L.

Regarding iron, estimates of the minimum daily requirement for iron depend on age, sex, physiological
status, and iron bioavailability and range from about 10 to 50 mg/day (Gassmann 1991). The average
lethal dose of iron is 200-250 mg/kg of body weight, but death has occurred following the ingestion of
doses as low as 40 mg/kg of body weight (U.S. NRC, 1979).

In addition, it must be reminded that the higher limit of dissolved iron ions concentration permitted in

water class 1 (water suitable for primary contact in recreation, the protection of aquatic communities,
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aquaculture and fishing activities; supplies for human consumption after conventional or advanced
treatments; irrigation of vegetables, irrigation of parks, gardens, sports fields and places of leisure, in
direct contact with the public) is 0.3 mg/L. Accordingly, attention should be paid when conducting
experiments with iron electrodes on the final quality of water effluents and on the amount of metal

released with the biomolecules or in the microalgae.

8.2. ALUMINUM IN THE EFFLUENT AND BIOMASS

In this section, all the data concern, actually, the concentration of aluminum after EC for the recovery of
microalgae, as no data could be found in literature on aluminum content when the recovery of plant
extracts was involved.

In fact, there is no simple way to limit aluminum concentration in EC effluents. In Baierle et al. (2015),
aluminum content in the effluent was higher than the value recommended for effluent emission in
superficial water (10 mg/L) in the state of Rio Grande do Sul in Brazil. At low current values, there was
no sufficient destabilization of the suspended particles, but at the same time, electrode dissolution
continued and the concentration of Al ions in the liquid medium increased. As current increased, the
dissolved ions attached to the microalgal cells and destabilized the suspension. Consequently, the
concentration of metals in the effluent decreased. However, when all the biomass had been destabilized,
the particle aggregation decreases and the ion concentration in the process water increased again.
Vandamme et al. (2011) reported that aluminum concentration in both the effluent and biomass increased
with time and current density. In the experiment with the fresh water microalgal species Chlorella
vulgaris, aluminum concentration in the effluent was relatively high, i.e. about 2.1 and 2.7 mg/L at
current density 1.5 and 3.0 mA/cm?, respectively, after 30 minutes of electrolysis time. It was noted that
aluminum concentration continued to increase after reaching the maximal harvesting efficiency, which
is attributed to continued precipitation of aluminum hydroxides. On the other hand, with the marine
microalgal species Phaeodactylum tricornutum, the Al concentration in the effluent was much lower
(about 0.25 mg/L at both current densities 0.6 and 1.5 mA/cm?). This concentration stabilized when the
maximal recovery efficiency was reached. This difference in aluminum concentration in the effluent
between the marine (Phaeodactylum tricornutum) and freshwater (Chlorella vulgaris) species is linked
to different chemical composition of freshwater and seawater medium. In fact, the seawater medium
contains high concentrations of sulfate anions, which facilitate precipitation of aluminum hydroxides
(Matos et al. 2013a). This explains the low residual aluminum concentrations in the effluent in the

experiments with Phaeodactylum tricornutum.

63



Concerning aluminum content in biomass when harvesting Chlorella vulgaris, it was observed that the
percentage of aluminum in the biomass increased from 1.5 to 3.1% as current density increased from 1.5
to 3.0 mA/cm?. In the case of Phaeodactylum tricornutum, aluminum percentage in biomass increased
from 1.25 to 2% as current density increased from 0.6 to 1.5 mA/cm? (Vandamme et al. 2011). These
percentages are considered high, as the percentage of aluminum in the biomass should not exceed 1%
(w/w) in order not to hamper further processes. In another study conducted by Matos et al. (2013a) who
worked on harvesting the microalgal species Nannochloropsis by EC, the amount of aluminum in the
recovered microalgal biomass increased from 0.56% to 1.39% when using current densities of 3.3
mA/cm? and 8.3 mA/cm?. Kim et al. (2012a) introduced a Continuous Electrolytic Microalgae (CEM)
harvest system with Polarity Exchange (PE). This PE results in two separate phases, one dissolving and
the other stable, during the CEM harvest: i.e., a first phase (P1) in which flocs of microalgal cells are
formed by means of the destabilization of negatively charged microalgae mediated by metal ions
liberated from the dissolving electrode, and a second phase (P2) in which the generation of metal ions is
terminated and bubbles generated from both electrodes cause the generated flocs to float. In their work,
these authors found that as the recovery time increased, the residual Al concentration in the harvest and
cultivation chambers increased with both electrode pairs (AI-DSA and Al-Pt). However, the content of
Al, especially in the cultivation chamber, was lower with AI-DSA, which allows increased cell viability
for microalgae cultivation using recycled medium. It was also reported that during the CEM harvest of
microalgae with PE (polarity exchange), Al ions were mainly released in the P1 phase. Thus, the
concentration of residual Al in the cultivation chamber and harvest chamber was reduced as the duration
of P1 was decreased. When the P1:P2 ratio was 1:1.5 for 5 minutes operating time, Al accumulation was
57% lower, and cell viability did not change. P1:P2 ratio of 1:1.2 at 10 min resulted in similar results (Al
accumulation was 48% lower) and cell viability increased by 19%. In another study, residual Al
concentration in the harvest chamber was lower at high pH and the rate of Al accumulation in the
cultivation tank was higher at lower pH (Kim et al. 2012b). This result is consistent with the results of
Mouedhen et al. (2008) who found that, at identical current, more Al was dissolved from the electrodes
at a lower pH, resulting in an increase in residual Al concentration. In the same work, mechanical mixing
at 0.25 A lowered the residual Al concentration in the harvest chamber by 13%, as mixing allows more
contact between Al and the microalgae. Without mechanical mixing at 0.5 A, the amount of settled Al
was 31% and 8% lower in the harvest chamber and cultivation tank, respectively, because of poor contact

between Al and microalgae (Kim et al. 2012b).
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As a conclusion, if there are strategies that permit to reduce the amount of Al in the effluents and the
biomass harvested, this constitutes an actual concern that has not been enough considered in the literature

on EC harvesting technology.

8.3. IRON IN THE EFFLUENT AND BIOMASS

As for aluminum, the data available on iron content are only for the use of EC for microalgae recovery.
Baierle et al. (2015) showed that when working at current of 1 A, iron concentration in the effluent was
4.8, 4.9 and 0.77 mg/L at 10, 15 and 20 minutes operating time, respectively. At current of 2 A, iron
concentration was 0.17, 0.83 and 0.37 mg/L at 10, 15 and 20 minutes of operating time, respectively. At
the highest current of 3 A, iron concentration was 0.87, 1.90, 0.15 and 0.41 mg/L at 10, 15, 20 and 30
minutes of operating time, respectively. Thus, at all experimental conditions, the iron concentration in
the effluent was lower than the discharge limit set by the Brazilian legislation on effluent discharges
(15 mg/L, and by the state of Rio Grande do Sul, 10 mg/L).

Concerning iron concentration in biomass, it was 33.7, 22.72 and 22.49 mg/g at 10, 15 and 20 minutes
of operating time, respectively, at current of 1 A. When current was increased to 2 A, iron biomass
concentration was 14.19, 46.29 and 32.44 mg/g at 10, 15 and 20 minutes of operating time respectively.
Further increase in the current till 3 A resulted in iron biomass concentration of 38.49, 28.27 and 26.71
mg/g at 10, 15 and 20 minutes of operating time, respectively. It seems that iron concentration resulting
from EC in this study is acceptable and does not affect the quality of water and biomass.

If iron has been less considered than aluminum in the literature, the reason seems to be less critical in
the effluents. In the biomass, the amount of iron may be higher than 1% (w/w), even though it is unclear

whether this can have an impact on downstream processes.

9. CONCLUSION

Electrocoagulation (EC) is an electrochemical technique widely and successfully used for wastewater
treatment; however, it was not much employed to recover valuable biomolecules. This paper reviewed
the successful use of electrocoagulation and other electrochemical techniques for the recovery of
microalgae and plant extracts. In addition to that, this review discussed the influence of various operating
parameters (initial pH, current density, initial microalgae concentration, salinity, agitation, electrode
material and inter-electrode distance) on the process efficiency for harvesting microalgae. Moreover,
electric energy consumption of EC during microalgae recovery, the influence of EC on microalgal lipid

content and effluent and biomass metal contamination by EC were presented. In this review,
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electrocoagulation was demonstrated to be successful technique for microalgae and plant extracts
recovery. However, further research is required on this process, to improve the extraction of
biomolecules and microalgae harvesting, particularly in the continuous mode, with less metal pollution
(Al and Fe). Moreover, a compromise between energy consumption and recovery efficiency should be
achieved to make the process economically feasible. At the moment, algal lipids are still far from
industrialization, but it is hopeful that enhancing harvesting technology will contribute to improve the

economic viability of 3™ generation biofuels.
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