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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]:

7



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].
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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

16



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.

46



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

54




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
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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.
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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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ABSTRACT

Whey proteins removal from water by electrocoagulation (EC), a non-specific electrochemical
technology was investigated for the first time. Experiments were carried out in synthetic
wastewater in batch mode using aluminum electrodes. The respective influences of initial pH
(pHi), initial whey proteins concentration, applied current and electrolyte concentration were
investigated. Results showed that the best (100%) and fastest removal of whey proteins was
observed at pH; 4, current 4.5 A, and electrolyte concentration of 6.25 g/L. The mechanism
responsible for whey proteins elimination was found to be adsorption onto the flocs.
Adsorption of whey proteins on flocs forming during EC at all tested currents (78.0 mg N/g
solid, 61.57 mg N/g solid, and 53.18 mg N/g solid at current of 1.5 A, 3.0 A, and 4.5 A,
respectively) was shown to be more efficient than adsorption of these whey proteins on
preformed flocs (27.78 mg N/g solid) at the same initial concentration of 0.75 g/L.. A model
able to describe quantitatively protein removal was established. Experiments also showed that
EC cost increased with increasing pH;, current and electrolyte concentration. They
demonstrate that EC is a promising technology for the elimination of whey proteins from dairy

effluents.
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1. INTRODUCTION
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The increasing scarcity of clean water sets the need for appropriate management of
available water resources. Regions suffering from a lack of water urgently need integrated
environmental protection and resource conservation technologies in order to enable effective
management of the available water resources [1]. As a solution for water scarcity, wastewater
which has been altered by human activity, whether domestic, industrial or agricultural, must
necessarily be treated, with the aim to preserve the resource, while promoting cost and energy

savings.

The treatment of industrial wastewater is a difficult task as this exhibits large variations of
flow rate and composition, high concentrations of organic matter and salts, and the presence
of poorly biodegradable organic compounds or substances [2]. From these wastewaters, those
from agro-industries are characterized by a high chemical oxygen demand (COD) due to their
high organic content. The dairy industry which generates a huge quantity of wastewater is
particularly concerned: approximately 0.2 L to 10 L of waste per liter of processed milk [3].
These wastewaters contain whey that is the liquid phase recovered from the curds formed
during cheese production. This liquid represents 80—90% of the total volume of milk used in
the cheese-making process. Whey can be processed and reused for animal feed or for human
consumption [4]. Whey proteins which constitute about 10% of the total dry solids in whey
and 15-20% of total milk proteins contribute to the increase of COD constitute. These whey
proteins are globular proteins with molar mass ranging from 14 to 1,000 kg/mol and are
composed of 60% B-lactoglobulin (B-Lg), 22% a-lactalbumin (a-La), 9% immunoglobulins
(Ig) and 5.5% bovine serum albumin (BSA). [5]. In small dairies producing cheese, whey reuse

is not practicable and whey is, therefore, discharged as waste along with the rest of wastewater.

Actually, the disposal of whey produced during cheese production has always been a major

problem because of its organic material content [6]. Dairy wastewaters are usually treated



using biological methods, such as activated sludge process, aerated lagoons, aerobic
bioreactor, trickling filters, sequencing batch reactor (SBR), upflow anaerobic sludge blanket
(UASB) reactor, upflow anaerobic filters and biocoagulation. On the one hand, aerobic
biological processes are highly energy intensive, whereas anaerobic treatment of dairy
wastewater reflects a very poor nutrient removal, so that effluents treated by anaerobic
biological processes need additional treatment [7]. In the last decades, it has been revealed that
electrocoagulation (EC) is an attractive and appropriate method for the management of various
kinds of wastewater due to various benefits, including environmental compatibility, versatility,
energy efficiency, safety, selectivity, susceptibility to automation and cost efficiency [8].
Electrocoagulation which is a non-specific electrochemical technique has been proposed as a
promising alternative to chemical coagulation for removing various pollutants from
freshwaters and wastewaters. It is based upon the production of soluble metal cations and
insoluble metal hydroxides in water using sacrificial metal anodes. These cations and
hydroxides interact with pollutants through several mechanisms, including charge
neutralization, adsorption, coprecipitation and enmeshment. Pollutants can also be removed
from water by electroflotation, caused by micrometer-sized hydrogen bubbles (15-23 um
diameter) which are produced on the cathode surface. This electroflotation process can occur
simultaneously with sedimentation, but solid particles can also be removed using filtration [9].
The reactions that take place at electrodes in EC are as follows. For aluminum electrodes,

oxidation reaction takes place at the anode:

Als) — Alpg® + 3e” (1)
Reduction reaction takes place at the cathode:

3H20 +3e” — (3/2)H2 + 30H 2)
Overall reaction during electrolysis can be summarized as [10]:

AP — AI(OH),®™ — AL (OH)* — Al3(OH)4*" — Aliz complex — Al(OH)s 3)

Electrocoagulation has successfully been used for the treatment of wastewaters, including
dairy wastewater [11], alcohol distillery wastewater [12] and textile wastewater [13].
Meanwhile, EC process has been widely used to treat wastewater, including a high quantity of
oil grease, COD and toxic substances, such as olive oil mill wastewater [14]. Moreover, even

if electrocoagulation of dairy wastewater has been carried out by some researchers, only
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Guven et al. [15] and Un et al. [4] have studied electrocoagulation of cheese whey wastewater
in the literature. However, concerning electrocoagulation of proteins, only Robi¢ and Miranda
[16] studied the recovery of bovine serum albumin and a phenolic compound, catechin, by EC.
As far as the authors know, the literature describing the effect of electrocoagulation on whey

proteins remains scarce.

In this study, the objective is, therefore, to investigate the elimination of whey proteins from
water by electrocoagulation in the batch mode using aluminum electrodes as a function of
current density. For this purpose, synthetic wastewater with various properties was prepared,
so that the influence of initial whey proteins concentration, initial pH and electrolyte
concentration could be studied on the efficiency of whey proteins removal. The results were
used to better understand the mechanisms governing protein removal and to establish a model

able to describe quantitatively the evolution of protein concentration vs. electrolysis time.

2. MATERIALS AND METHODS

2.1. WHEY PROTEINS SOLUTION PREPARATION

The solution was prepared by dissolving whey protein isolate (PROMILK 852 FBI, 85%
proteins in which nitrogen represents about 15.92%) with ultra-pure water by the help of a
magnetic stirrer at a speed of 500 rpm for two hours accompanied by gentle heating (40°C) to
ensure a complete dissolution. Several initial concentrations were used (0.75 g/L, 1.5 g/L and
3.0 g/L). Initial pH (pHi) was adjusted by a minute addition of 0.1 M HCI or KOH solution
(pHi 4, 7 or 9) in such a way that it did not modify significantly water conductivity (),
knowing that the original pH of the solution is 6.7. Conductivity was modified by the addition
of electrolyte (KCI) with various concentrations (1.25 g/L, 3.75 g/L and 6.25 g/L).

2.2. EXPERIMENTAL SETUP
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In this study, electrocoagulation was applied to synthetic whey proteins solution.
Electrocoagulation was carried out in a 4-L cylindrical tank, and agitation was performed by
a Rushton turbine at a constant rate of 240 rpm. This rate was chosen since higher tested
rotation speed up to 800 rpm consumes more energy and, at the same time, does not increase
the efficiency of the process. EC was conducted in the galvanostatic mode using a 30 V-10 A

power supply (ELC, France), while the cell voltage (U) was recorded to derive the electric



power input. Current, which is the key parameter of EC, was also varied between 1.5 A and
4.5 A. The experimental setup is depicted in Figure 1. Planar rectangular aluminum electrodes
of identical dimensions (8.0 cm % 6.5 cm) were used as anode and cathode. Electrodes were
rinsed with acetone and a 0.01 N HCI solution to remove organic and inorganic deposits, and
then, weighed before and after each use to calculate the faradaic yield. For all the runs, the
inter-electrode gap was maintained at 1 cm. Electrolysis time (t) was 60 min. Experiments
were carried out at room temperature and atmospheric pressure and each experiment was
repeated twice for assessing reproducibility of data. During EC, samples were taken out at
different time intervals and filtered by 0.45 pum filters (Macherey-Nagel GmbH, Germany);

the filtrates were then used for subsequent chemical analysis.

Fig. 1. Experimental setup (1: EC tank; 2: DC power supply; 3: Agitator; 4: Aluminum
electrodes).

2.3. ANALYSES

To test for the elimination of whey proteins, total nitrogen was measured in each liquid
sample using a TNM-1 analyzer (Shimadzu, Japan). The pH and the conductivity of water
were monitored over time using a SevenEasy pH meter (Mettler-Toledo, Switzerland) and a

CDM210 conductimeter (Radiometer Analytical, France), respectively.

Flocs recovered by sedimentation/flotation were filtered, washed and dried at 120°C
overnight before being weighed to quantify the mass of dry sludge. To test for the fate of the
eliminated species, the solids were dissolved in HCI1 (0.1 M) to confirm the adsorption of whey
proteins on the flocs during EC. The TNM-1 total nitrogen analyzer was used to estimate the

amount of nitrogen in the dissolved solid phase. The solid phase was also characterized by
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nitrogen BET surface area analysis based on nitrogen adsorption at 77 K (Tristar II,

Micromeritics Instr., USA).

2.4. EXPERIMENTAL STRATEGY

The final objective is to develop a model based on a physical understanding of protein
removal and robust against scale-up, which excludes for example design of experiments and
response surface methodologies. The influence of wastewater properties on protein removal
yield vs. electrolysis time will be investigated first: this study covers the initial pH to account
for acid and neutral whey, respectively, and the effect of the initial concentration of whey
proteins. Then, the operating parameter of electrocoagulation, current, will be investigated.
Finally, the opportunity to enhance protein removal by changing water conductivity will be
explored. These experimental results will be used to establish successively an economic
analysis of the process, a better understanding of the mechanisms of protein removal and,

lastly, a predictive model.

3. RESULTS AND DISCUSSION

3.1. INFLUENCE OF INITIAL PH
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In chemical or electrochemical separation processes, pH is a key parameter and has a
significant effect on the formation of hydroxide metal types and the mechanism of ion and
pollutant removal [17]. The experimental data from the TNM-1 analyzer showed that,
whatever the pH; value, the protein removal yield reached about 99.5% after 40 minutes of
treatment (Figure 2a). However, the removal rate was the fastest at pH; 4 where the removal
reached about 95% after only 10 minutes of treatment, which corresponded to 39% removal
at pH; 7 and only 10% removal at pH; 9. This could be explained by the fact that usually, at
pH 4-8, AI’" and OH  ions generated by electrodes react to form various monomeric and
polymeric species that finally transform into insoluble amorphous AI(OH)s3(s) through
complex polymerization [18]. In this case, the highest rate of elimination at pH; 4 would be
explained by the adsorption of whey proteins on the solids during electrocoagulation. The
removal that was enhanced at pH; 4 is contradictory with almost all the literature data [11],
and this can be explained by the fact that pH is increasing with time during EC (Figure 2b).
More precisely, and after 10 minutes of treatment, pH reached 6.1 when pH; was 4 and the

recovery was 95%; this is expected since solubility of AI(OH)3 is minimum at pH 67 for very



low AI** concentrations [14]. Conversely, pH reached 8.4 when pHi was 7, which
corresponded to 39% removal, since soluble anionic aluminum hydroxides start forming at
this specific pH. Moreover, pH 4 is lower than the isoelectric point of the whey proteins. The
isoelectric point of these proteins is 5.2 for B-Lg, from 4.2 to 4.5 for a-La, from 4.7 to 4.9 for
BSA and between 5.5 and 6.8 for Ig [5]. This makes them less soluble when pH is close to 5
and, consequently, more easily captured by the solid flocs. On the other hand, at high pH, the
concentration of the highly soluble monomeric anion AI(OH)s increases at the expense of
AI(OH)3s) [18]. Thus, floc formation is inhibited and, consequently, a lower efficiency of floc
formation at higher pH; values was proved experimentally, as only 1.1 g of solid was formed
at pHi 9 compared to about 1.5 g at pH; 4 and 7. In addition, at pH higher than 8.5, all the
aluminum hydroxides formed have lost their positive charge and; therefore, the adsorption of
protein is reduced, since the gel and the proteins no longer have opposite charges under this
condition [16]. Our results contradict, however; those of Robi¢ and Miranda [16] who found
that the maximal removal of BSA was at pH 8, but it must be reminded that BSA represents

only a small fraction of whey proteins (~5.5%).
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Fig. 2. Effect of initial pH (pH;) on whey proteins removal (a) and on pH evolution (b)
during electrocoagulation. Experimental conditions: Initial concentration of whey proteins
0.75 g/L, Current 1.5 A, KCI concentration 6.25 g/L, electrolysis time 60 minutes.
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3.2. INFLUENCE OF THE INITIAL CONCENTRATION OF WHEY
PROTEINS

A new set of experiments was dedicated to the study of the influence of the initial
concentration of whey proteins on their removal efficiency. As shown in Figure 3, after the
end of treatment, about 100% of proteins were removed for both initial concentrations 0.75
g/L and 1.5 g/L; however, only 96% were removed when the initial concentration was 3.0 g/L.
In addition, removal rate depended clearly on the initial concentration; this means that the
evolution of the removal rate was faster with lower concentrations, as it reached 85%, 55%
and 50% for the initial concentrations 0.75 g/L, 1.5 g/L, and 3.0 g/L, respectively, after only
10 minutes of treatment, even though the quantity of proteins removed at time t increased with
their initial concentration. So, as a rule of thumb, we can say that the removal efficiency of
whey proteins decreases with an increase in the initial concentration of whey proteins for a
constant current density. This results from the fact that the number of metal hydroxide flocs
formed is insufficient to coagulate the greater number of protein molecules at higher initial
concentration [10]. At the industrial scale, one must increase the surface of electrodes used,
while keeping a constant current density to achieve the same removal efficiency as in our

study.
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Fig. 3. Effect of initial concentration on whey proteins removal. Experimental conditions:
Current 1.5 A, KCI concentration 6.25 g/L, initial pH 6.7, electrolysis time 60 minutes.

3.3. INFLUENCE OF CURRENT
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In all the electrochemical processes, current density is the most important operating parameter
for controlling the reaction rate inside the electrochemical reactor. It has been well shown that
current can determine the production rate of coagulant, the production rate of bubbles, their
size and distribution, and the rate of floc growth in electrocoagulation reaction with different
electrodes [19]. This new set of experimental runs was dedicated to the study of the influence
of the current (I) on whey proteins elimination using EC with Al electrodes. Three current
values were tested (1.5 A, 3.0 A, and 4.5 A). In our results, complete elimination was obtained
after 30 minutes of treatment with the three currents (Figure 4a). However, the rate of removal
was much faster with current 4.5 A where it was about 97% after 10 minutes of treatment,
compared to only 30% and 72% with 1.5 A and 3.0 A, respectively, after the same time
interval. This could be explained by the fact that at high current, the amount of aluminum

oxidized increased, resulting in a greater quantity of precipitation [20].

To further investigate the relation between I and pH, and its influence on whey proteins
elimination, pH change rate was investigated at different currents. It was found that the pH
change rate depended strongly on the current applied to the EC unit. The highest current used
led to the fastest rate of pH change during EC (Figure 4b). It was also found that when current
was 4.5 A, pH varied after 8 minutes of treatment between 7.0 and 8.2, which is the most
suitable pH for floc formation. This results from the fact that during electrocoagulation, higher
currents lead to a faster cathodic reduction and, thus, a faster production of OH™ anions.
Moreover, the fastest elimination of whey proteins at the highest current is due to the highest
dissolution rate of the sacrificial aluminum anode, which in turn contributes to the release of

more Al** cations and, consequently, faster floc formation over time.
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Fig. 4. Effect of current: (a) on whey proteins removal, and (b) on pH evolution during EC.
Experimental conditions: initial whey proteins concentration 0.75 g/L, KCI concentration
6.25 g/L, pHi 6.7, electrolysis time 60 minutes.

3.4. INFLUENCE OF ELECTROLYTE (KCL) CONCENTRATION

The effect of supporting electrolyte (KCI) concentration (1.25 g/L, 3.75 g/L and 6.25 g/L)
on the removal efficiency of whey proteins was investigated, so as to modify water
conductivity. These concentrations correspond to conductivity values of 1.36 mS/cm, 3.79
mS/cm and 6.80 mS/cm, respectively. Our results show (Figure 5) that KCI1 concentration did
not have any significant effect on the final removal yield of proteins, as this was about 99.2%
after 30 minutes for the three KC1 concentrations used. However, the rate of elimination was
much faster when KCI concentration was 6.25 g/L, as removal yield reached about 78.5% for
KCI concentration of 6.25 g/L after 20 minutes of treatment, while this was only 66.3% and
39.9% for KCI concentrations of 3.75 g/LLand 1.25 g/L, respectively. This could be explained
by the higher amount of Cl” anions which could enhance the dissolution of the aluminum anode
by pitting corrosion [21]. Enhanced dissolution, in turn, leads to higher amounts of AI** ions
that increase the production of AI(OH)s, causing higher elimination of whey proteins. These
results might also be explained by the fact that the increase of the conductivity of the solution
induces a higher screening for the electrostatic interactions, which could improve protein
capture by aluminum hydroxides. Another reason is that the increase of water conductivity

reduces the ohmic drop (IR) which is described by equation (4):



Id

IR " 4)

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 higher conductivity, the applied potential needed
to maintain a constant current decreases. This means that the power requirements of EC also
decrease. But in this work, it was also observed that the faradaic yield increased with water
conductivity, which means that the rate of anodic oxidation also increased. As the faradaic
yield becomes higher, the number of cations released at the anode also increases, and thus,

removal efficiency increases.
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Fig. 5. Effect of electrolyte concentration on whey proteins removal. Experimental
conditions: Initial concentration of whey proteins 0.75 g/L, Current 1.5 A, pH; 6.7,
electrolysis time 60 minutes.

3.5. EC COST ANALYSIS

One of the most important parameters that greatly influences the practical applicability of
any technology of treatment is the cost of the applied process. The operating cost of EEC ($/m)
was calculated as the sum of the costs of consumed material, electrical energy consumption
and salt consumption. The price of electrical power used was considered 0.13 $/kWh, the price
of the electrode material used was estimated as 1.5 $/kg Al, and the price of potassium chloride

(KC1) was considered 0.30 $/kg. EC is the electrical energy consumption (kWh/m? water) after
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60 minutes of whey proteins solution treatment. The electrical energy consumption was

calculated in terms of kWh per m? of treated effluent using equation (5):

EEC(kWh/m®) = == (5)
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 parallel, EMC (kg/m?) is the electrode material consumed at
the same time t considered for EEC above. The amount of material dissolved from the anode
is calculated by measuring electrode mass before and after electrocoagulation. Finally, SC is
the salt consumption expressed in kg/m?* and the EC cost was evaluated in terms of current,

KCI concentration and pH;, as follows:
EC Cost ($/m®) = 0.13 - EEC + 1.5- EMC + 0.3 - SC (6)

First, it is clear from Figure 6 that increasing KCI concentration always increases EC cost
within the range studied. This increased from 1.11 $/m? at KCIl concentration of 1.25 g/L to
2.26 $/m* at KC1 concentration of 6.25 g/L. However, increasing KCI concentration decreased
EEC cost due to conductivity increase, which decreased the total resistance (ohmic drop) of
the solution; so, the needed voltage to maintain a given current decreased and, thus, electrical
energy consumption decreased. However, this cost decrease was not enough to reduce the
overall cost of the process, since at higher KCI concentration, SC increased from 0.375 $/m?
at KCI concentration of 1.25 g/L to 1.875 $/m> at KCI concentration of 6.25 g/L. Moreover,
faradaic yield increased from 105% at KCI concentration of 1.25 g/L to 120% at KCl
concentration of 6.25 g/L, which also increased EMC from 0.198 $/m> to 0.226 $/m°.

Then, Figure 7 describes the influence of current on EC cost. A general observation that
can be inferred is that higher current always leads to higher EC cost within the range
investigated: increasing current from 1.5 A to 4.5 A increased EC cost from 2.31 $/m? to 3.87
$/m>. In this figure, most of the costs at the three tested currents was due to SC, but this cost
was identical for all the currents used. The difference in the total cost was due primarily to
EEC. As current increased from 1.5 A to 3.0 A and 4.5 A, EEC contribution to EC cost
increased, as it contributed to ~20% and ~33% from the total EC cost at current 3.0 A and 4.5
A, respectively, compared to the ~8% at 1.5 A. Higher energy expenditure at higher current

could be easily explained by equation (4), as this is linearly related to IRxI contribution.



Another factor contributing to the difference in total cost of the process is EMC, as EMC
increased from 0.23 $/m? at current of 1.5 A to 0.69 $/m? at current of 4.5 A.

Concerning the effect of pH; on EC cost, we can say, as shown in Figure 8, that cost was
slightly higher at pH; 9 than at pHi 4 and pH; 7; more precisely, at pH; 9, EC cost was 3.05
$/m* compared to 2.94 $/m? at pH; 4 and 2.99 $/m* at pH; 7. The difference in costs at different
pHi values was almost negligible and was due to more energy expenditure at pH; 9, and higher
EMC at higher pH; values, as faradaic yield increased from 116% to 128% as pH; increased
from 4 to 9. Higher energy consumption at pH; 9 could be explained by the fact that, at higher
pH values, deposits on the anode surface lead to an increasing ohmic drop (because of the
inert, little conducting layer formed) and to an increase in the electrical consumption [22].

Lower pH values are, thus, preferable both from efficiency and maintenance point of view.
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Fig. 6. Effect of electrolyte (KCI) concentration on EC cost. SC: Salt Consumption, EMC:
Electrode Material Consumption, EEC: Electrical Energy Consumption. Experimental
conditions: Initial concentration of whey proteins 0.75 g/L, pH; 6.7, Current 1.5 A,
electrolysis time 60 minutes.
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concentration of whey proteins 0.75 g/L, Current 1.5 A, KCI concentration 6.25 g/L,
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3.6. ANALYSIS OF THE LIQUID AND THE SOLID PHASES

The analysis of liquid samples after 60 min electrolysis time, for I =4.5 A and pH; 4 using
the TNM-1 analyzer showed that almost 100% of whey proteins were removed from water. If

there was no adsorption on the solid phase (flocs) or no gas release, that is to say only protein
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oxidation in the liquid phase, total nitrogen should have been constant over time in the liquid
phase. However, experimental data (100% removal) highlight that proteins were preferentially
adsorbed on the solid phase and that no CO> was produced. In fact, proteins with a low internal
stability, the so-called "soft" proteins, such as bovine serum albumin (BSA), immunoglobulin
(IgG) or a-lactalbumin generally tend to adsorb on all surfaces, irrespective of electrostatic
interactions, owing to a gain in conformational entropy resulting from adsorption. Thus, the
soft proteins do adsorb even on an electrostatically repelling surface [23], increasing
adsorption on the solid at different operating conditions. This assumption is reinforced by
Norde and Haynes [24] who studied the adsorption of a-lactalbumin on negatively charged
polystyrene (PS) latex beads and on variably charged hematite. a-lactalbumin denatured on
both PS, which has a hydrophobic surface, and on the hydrophilic surface of hematite. Here,
we can say that the primary factor which determines the adsorption behavior of proteins to a
sorbent is their structural stability. Whey proteins in which many soft proteins can be found
exhibit therefore a weak internal stability, and are prone to adsorb on the surface of aluminum
hydroxide. Moreover, the analysis of the dried flocs (solid phase) by nitrogen adsorption
isotherm has shown that they exhibit a BET specific surface area that ranges between 30 and

50 m?/g, which enhances the possibility of protein adsorption.

To investigate the fate of proteins during EC, the flocs were dissolved with 0.1 M HCI. The
analysis done by TNM-1 analyzer ensured the presence of nitrogen entities in all tested
conditions. The amount of these nitrogen entities is almost 98% of the initial nitrogen amount.
To be sure that adsorption was responsible for whey proteins removal from the liquid, the same
solid was produced by EC without the addition of proteins at current of 4.5 A, pH; 6.7 and KCl
concentration of 6.25 g/L. Four grams from the produced solid were added to whey proteins
solutions of different concentrations (0.75 g/L, 1.5 g/L and 3.0 g/L). The solids were set in
contact with the same initial concentrations of whey proteins used during EC for 24 hours to
reach equilibrium in order to test for adsorption. Analyzing the liquid phase using the TNM-1
analyzer showed an average of 95.2% decrease of the whey proteins initial concentration. This
ensures definitely that during electrocoagulation, adsorption is the main mechanism

responsible for the removal of whey proteins.

For comparison purpose, adsorption data are illustrated by Figure 9. This compares the
adsorption isotherms of whey proteins on preformed flocs and on flocs forming during EC.

Results show that whey proteins are significantly adsorbed on preformed flocs at all tested
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initial concentrations. Equilibrium concentrations of 5.85 mg N/L, 15.98 mg N/L and 62 mg
N/L were found at initial concentrations of 0.75 g/L, 1.5 g/L and 3.0 g/L, respectively. These
equilibrium concentrations correspond to 95%, 93.2% and 86.8% removal efficiency at initial
concentrations of 0.75 g/L, 1.5 g/LL and 3.0 g/L, respectively. As formed flocs and whey
proteins are not oppositely charged at pH 6.7, electrostatic attraction is not a possible
mechanism for protein adsorption which is mainly driven by hydrophobic interactions. The
effect of surface hydrophobicity on the adsorption of B-Lg (the main whey protein), was tested
by Krisdhasima et al. [25]: they found that increasing hydrophobicity of silicon leads to
increasing adsorbed amounts of B-Lg. Usually, an interaction with a hydrophobic surface is
energetically more favored than with a hydrophilic surface because water molecules are

released from the surface and from the protein, which leads to a large entropy gain.

The adsorption behavior of whey proteins on preformed flocs in our case seems to be best
fitted by Langmuir adsorption model, as shown in Figure 9. However, this model ignores the
problem of reversibility, the fact that adsorption does not occur on fixed sites, that the spatial
conformation of molecules usually changes upon adsorption and that lateral interaction may
take place. This means that Langmuir assumptions are not necessarily correct for whey
proteins, despite the good quantitative agreement in Figure 9. Our experiments ensured the
adsorption of whey proteins into flocs, but the comparison of adsorption of whey proteins into
already formed flocs to adsorption of these proteins on flocs being formed continuously during
EC at the same initial concentration of 0.75 g/L displayed better adsorption during EC at all
tested current values (Figure 9). Experimental data showed that equilibrium concentration was
always close to zero when the quantity of nitrogen adsorbed was 78.0 mg N/g solid, 61.57 mg
N/g solid, and 53.18 mg N/g solid at current of 1.5 A, 3 A, and 4.5 A, respectively, compared
with a maximum of 27.78 mg N/g solid for the quantity adsorbed on preformed flocs at the
same initial protein concentration (0.75 g/L). This highlights that flocs formed during EC can
contain far more proteins than preformed flocs, but also that protein removal is irreversible
only during EC. This better adsorption performance with EC may be explained first by the
enhanced mixing and mass transfer conditions near the anode: very small solid particles are
formed in this region during EC, which leads to a very high interfacial area, while hydrogen
bubbles strongly contribute to the reduction of mass transfer limitation, which is known to be
the main limiting step of protein adsorption due to the molecular weight of whey proteins. In
addition, proteins adsorbed on very small flocs can be progressively imprisoned by the growth

and the aggregation of solid particles during electrolysis; this makes adsorption irreversible



and clearly differs from conventional adsorption in which interfacial area is constant.
However, if current increases, more AI(OH)3 is formed: so, the mass ratio of proteins to flocs
decreases at constant protein concentration, leading to lower quantity of nitrogen adsorbed per
gram of solid. As a result, higher adsorption at lower current during EC is due to the slower
formation of flocs, so that a smaller amount of solid is more rapidly saturated by adsorbed

proteins. Further work is still necessary to validate this analysis.

As a conclusion, our results demonstrate clearly that electrocoagulation is more efficient
than conventional adsorption for the removal of whey proteins and that the in situ production

of flocs is probably responsible for the enhanced effectiveness of EC.
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Fig. 9. Isotherms of whey proteins adsorption on preformed flocs at different initial
concentrations without EC (filled symbols) and on flocs being formed during EC using a
volume of water V=1 L to standardize with adsorption experiments at different current
(empty symbols). Conditions of floc formation: Current 4.5 A, pH; 6.7, KCI concentration
6.25 g/L, electrolysis time 60 minutes. Conditions of EC: Initial concentration 0.75 g/L, pH;
6.7, KCI concentration 6.25 g/L, electrolysis time 60 minutes.

3.7. MODELING OF WHEY PROTEIN REMOVAL USING EC

Contributions to process modeling based on EC are quite rare in the literature. Typical
examples can be found on solid particles and Chemical Oxygen Demand (COD) abatement
[26] and fluoride anions removal [27]. EC is known as a process difficult to simulate because
of the various mechanisms that contribute in parallel to pollution abatement, such as
adsorption, coprecipitation, physical enmeshment and oxidoreduction in the bulk or on the
electrodes. In this work, a simple model has been established from the mass balance on

proteins using the following assumptions:
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e Adsorption is the governing mechanism of protein removal;

e The mass of floc, i.e. adsorbent, changes with time and is proportional to the mass of
aluminum m released by electrodes, which can be deduced from Faraday’s law using a
constant faradaic yield over time ¢4 =120%, the molar mass of Al (M) and Faraday’s

constant (F):

3F (7)

e Adsorption is thermodynamically driven, without mass transfer limitation, and can be
described using Langmuir isotherm that relates the amount of proteins adsorbed (q,
expressed in g proteins/g Al) to their concentration in the liquid phase (C, g proteins/L)
using the monolayer capacity g (g/g) and the affinity constant K (L/g Al):

KC
"1+KC (8)

9=49

Consequently, the mass balance can be derived as follows:

dcC dm dg
- | 9
a Ta "a ©)

Considering the derivatives of m and ¢ as a function of time,

dm I
EZMAI '¢A1§ and

dg K dC

It (10)
dt 1 (1+Kc)2 dt

one finally gets the following ordinary differential equation that can be solved mathematically

using a free (GNU Octave) or a commercial (Matlab®, The MathWorks) equation solver:

(In

dc __ dm KC (1+KC)
dt " dt 1+KC V-(1+KC)2+mqm-K

K and g, are the only adjustable parameters that can be deduced by fitting experimental data.
This model differs from those described previously that neglect the transient concentration

term dC/dt [25], or the dg/dt term [26].



The model was used, first, to investigate the influence of current. Using current loading, I,
as a unique variable able to describe data for current between 1.5 and 4.5 A at constant initial
concentration and pH;, the fair agreement between experimental and predicted data is
presented in Figure 10a. An empirical model can also be adjusted on pH evolution as a
function of current loading, which follows an exponential trend, i.e. a first-order trend (Figure
10b). Finally, Figure 10 validates the assumptions of the model and highlights that protein
removal can be easily predicted as a function of current and electrolysis time using equation
(11). The comparison between the data from Figure 9 and Figure 10 is not straightforward,
but using K=15 L/g Al and ¢,=15 g proteins/g Al, one can estimate, for instance, that when
99% proteins are removed from water with an initial concentration of 0.75 g/L, ¢ should be
1.5 g/g. Taking into account the 6.28 factor between nitrogen and proteins and the fact that Al
content in flocs is between 25% and 33% w/w, one finally deduces that it corresponds to 60—

80 mg N/g solid, which is in agreement with the experimental data extracted from Figure 9.
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Fig. 10. Comparison of predicted (¢g»=15 g proteins/g Al and K=15 L/g Al) and experimental
data as a function of current loading: (a) protein removal yield; (b) pH. Experimental
conditions: Initial whey proteins concentration 0.75 g/L, KCI concentration 6.25 g/L, pH;
6.7, electrolysis time 60 minutes.

Then, the effect of initial concentration was analyzed using the same model. Fitting the data
was, however, more complex as far as the initial content of whey protein increases, as shown

in Figure 11. While the model fits perfectly the initial concentration 0.75 g/L for which it has
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been established with the same ¢, and K values as in Figure 10, it agrees reasonably with
experimental data for 1.5 g/L and it deviates between 2500 and 7500 C when the initial content
is 3.0 g/L. But contrary to expectations, this deviation does not correspond to an overestimation
of the removal rate due to a mass transfer limitation, but to an acceleration of protein removal.
A parametric analysis of the model showed that only an increase of g, from 15 to 20 g
proteins/g Al can better fit the data when the initial protein concentration is 3 g/L, while the

effect of K remains weak. This highlights an increase of the adsorption capacity of the flocs.
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Fig. 11. Comparison of predicted (g»=15 g/g and K=15 L/g) and experimental protein
removal yield as a function of initial concentration. Experimental conditions: [ =4.5 A, KCl
concentration 6.25 g/L, pH; 6.7, electrolysis time 60 minutes.

Several reasons can explain this trend, among which a self-aggregation mechanism of proteins
in the liquid phase seems the most probable. This could be due to the electric field at high
protein content when the initial protein concentration is high. The consequence would be to
enhance protein removal, as this could lead to the adsorption of aggregates. This corresponds
to an “apparent” multilayer adsorption that contradicts the assumption of Langmuir isotherm
and cannot be predicted by the present model. In the literature, multilayer adsorption of whey
proteins has already been reported [28], which reinforces this assumption, even though the

detailed mechanism has not been studied in the presence of an electric field.

As a conclusion, the model described by equations (7—11) can predict quantitatively protein

removal for current between 1.5 A and 4.5 A, and for initial concentrations between 0.75 and



1.5 g/L, and to estimate the time needed for a complete removal at higher initial concentration
up to 3 g/L. It requires only two adjustable parameters that must be readjusted only as a
function of initial pH and conductivity. Even though it can still be improved to account for
higher concentrations, the robustness of the parameters estimated at constant pH; and
conductivity when simulations are carried out as a function of current and initial concentration
outperforms other models from the literature that usually require to adjust parameters for each
new set of operating conditions. This model constitutes, therefore, a valuable tool for the

design of EC process in the future.

4. CONCLUSION AND PERSPECTIVES

The treatment of water containing whey proteins by electrocoagulation using aluminum
electrodes was studied in a batch reactor. Elimination of whey proteins has been investigated
as a function of the following parameters: initial concentration, initial pH (pH;), current and
electrolyte concentration. Experimental results showed that the fastest removal of whey
proteins occurred at pH; 4, current 4.5 A, and electrolyte concentration of 6.25 g/L.. Moreover,
increasing the initial concentration of whey proteins decreased the rate of removal. Adsorption
was found to be the main mechanism responsible for whey proteins elimination. Adsorption
of whey proteins on flocs forming during EC at all tested currents (78.0 mg N/g solid, 61.57
mg N/g solid, and 53.18 mg N/g solid at current of 1.5 A, 3 A, and 4.5 A, respectively) was
shown to be more efficient than adsorption of these whey proteins on preformed flocs (27.78
mg N/g solid) at the same initial concentration of 0.75 g/L. In addition, experimental data
showed that a reduction of EC cost could be achieved by working at the lowest pH; (4), where
EC cost was 2.94 $/m?>, at the lowest current 1.5 A which resulted in EC cost of2.31 $/m?, and
at the lowest KCl concentration (1.25 g/L), where EC cost was 1.11 $/m>. An unexpected result
is the high cost of salt consumption that must also be minimized using cheaper salts, such as
NaCl (0.065 $/kg). Finally, a robust predictive model based on mass balance equations,
Faraday’s law and Langmuir isotherm was also established to describe protein removal using
EC; this is not only able to fit experimental data, but it is also promising for other applications

involving EC process.

Now, testing real dairy wastewater is the priority for further work so as to estimate the

interaction between proteins and other matrix components on their removal. In addition,
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further work should be carried out to investigate whether adsorption may be reversible and if

proteins refold to their native conformation after desorption.
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ABSTRACT

This study investigated for the first time the use of electrocoagulation (EC) in the batch mode
with aluminum or iron electrodes for the preliminary purification of volatile fatty acids (VFA)
in a digestate from acidogenic fermentation. The respective influences of electrolysis time,
electrode material, current density, inter-electrode distance and initial pH (pH;) on the
efficiency of the process were investigated. Experimental results showed that VFA were totally
found in the liquid phase at the end of EC in all cases, while EC removed efficiently (> 80%)
solids and other soluble compounds including nitrogenous and phosphorous species. Reduction
of EC operating cost was achieved by working at the lowest current density (9.3 mA/cm?) and
at the lowest inter-electrode distance (1.0 cm), independently from pH;. Operating costs were

evaluated to be 0.26 + 0.03 and 1.07 = 0.04 US $/m* with or aluminum electrodes, respectively.

Keywords: Electrocoagulation; digestate; preliminary purification; volatile fatty acids; soluble

or solid compounds

1. INTRODUCTION

Volatile fatty acids (VFA) are versatile carboxylic acids, which are widely used in the food,
pharmaceutical, petrochemical, cosmetic and leather (tanning) industries [1]. Moreover, VFA
are used as a raw material in various industrial processes, carbon source in biological
nitrogen/phosphorus elimination processes, carbon source in bio-electrochemical or bio-H»

processes, and intermediates in the production of bulk commodities [2]. Additional innovative
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applications for VFA include their thermal conversion to ketones and subsequent hydrogenation
to alcohol fuels, or even their use as electron donors in microbial fuel cells [3].
Acidogenic fermentation and anaerobic digestion of organic wastes are favorable technologies
for VFA production by eliminating the methane forming phase [4]. Harvesting the produced
VFA from the digestate stays a major challenge due to the complex physicochemical nature of
fermented effluents and the low concentration of VFA in fermentation broth. Among the newly
developed technologies used for VFA recovery from the digestate, membrane based processes
such as nanofiltration and water electrodialysis are considered attractive and efficient methods
for VFA recovery [5]. However, these processes require either high pressure or high electric
energy input which render them uneconomic, without forgetting the obstacle of fouling which
limits the use of membranes if the concerned solution was not pre-treated. Other techniques
such as reactive distillation [6] and extractive distillation [7] were proposed to recover VFA
from aqueous solutions; however, these processes are more expensive for water removal than

membrane technology [8, 9].

Electrocoagulation (EC) which is an electrochemical process mainly used to treat wastewaters
in terms of both organic matter and nutrient removal [10], may be used as an alternative process
for the preliminary purification of VFA in the digestate from acidogenic fermentation. EC has
been successfully implemented for the treatment of different types of wastewater including
alcohol distillery wastewater [11], olive mill wastewater [12] and tannery wastewater [13]. In
addition to that, EC was successfully used as a preliminary purification process. For example,
it was used for the pretreatment of produced water prior to reverse osmosis [14] and

pretreatment of seawater prior to desalination by reverse osmosis [15].

EC has gained much attention due to its attractive advantages as: simplicity, reliability and cost
efficiency. The process is based on the use of sacrificial electrodes such as aluminum, iron that
are oxidized to produce metal ions that can be used to coagulate and react with organic matter
and nutrients in the wastewater. When current is applied, the metal ions that are produced react

with primary hydroxides and produce polyhydroxides and polyhydroxy-metallic flocs [16].

The reactions that occur at the electrodes in EC are as follows. For aluminum electrodes
[17]:
Oxidation reaction takes place at the anode:

Al — AP+ 3¢ (1)

Reduction reaction takes place at the cathode:
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3H20 + 3e” — (3/2)Hs + 30H" )

At high pH values, both anode and cathode may be chemically attacked by OH™ ions
according to the following reaction [18]:

2Al+ 6H20 + 20H — 2AI1(OH)s + 3H» 3)
Then, the produced AI** and OH ™ ions react to form monomeric and polymeric species which
transform finally into AI(OH)s.

For iron electrodes, two mechanisms have been suggested to explain the production of iron
hydroxides [19].

Mechanism 1:
4Fe+ 10H20 + O~ 4Fe(OH); +4H> 4)
Mechanism 2:
Fe + 2H20 - Fe(OH), +H> ©)
Therefore, flocs are produced from either Fe(OH); or Fe(OH)s precipitation.

The aim of this study was, therefore, to investigate the possibility of using EC for the
preliminary purification of VFA in digestate from acidogenic fermentation using the
coagulation and the co-precipitation of other species as purification mechanisms. The influence
of the most important operating parameters (time, electrode material, current density, inter-
electrode distance and initial pH (pH;) on the efficiency of the process was studied. Moreover,

the process operating cost was evaluated.

2. MATERIALS AND METHODS

2.1. DIGESTATE PREPARATION AND EC EXPERIMENTS

EC was applied to a digestate issued from acidogenic fermentation of glucose. Acidogenic
fermentation was carried out at pH 6, temperature 35°C, and stirring speed of 100 rpm, but the
pH of the digestate was 6.3. The composition and characteristics of this digestate are presented
in Table 1. The digestate was preserved at 4°C throughout this study before experiments and
analyses. EC was carried out in a 500-mL cylindrical tank, while agitation was performed by a
magnetic stirrer. EC was conducted in the galvanostatic mode by the help of a generator
(Voltcaraft HPS - 13015, Germany), while the cell voltage (U) was recorded in order to derive

the electric energy consumption. The experimental setup is shown in Figure 1. Monopolar
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rectangular aluminum or iron electrodes of identical dimensions (4.0 cm*6.5 cm) were used as

anode and cathode.

Before each experiment, both electrodes were rinsed with acetone and a 0.01 N HCl solution
to eliminate organic and inorganic deposits. These electrodes were weighed before and after
each experiment to calculate the faradaic yield derived from Faraday’s law. According to
Faraday's law, the theoretical mass of dissolved iron or aluminum from the sacrificial anode at
a specific electrical current during EC process is calculated according to the following
mathematical expression:

m = M,.L.t/z.F (6)
where m is the amount of the dissolved anode material (g), M, is the specific molecular weight
of the anode (aluminum or iron) (g/mol), I is the applied current (A), t is the electrolysis time
(s), z is the number of electrons involved in the reaction and F is the Faraday's constant (96485.3

C/mol).

Experiments were carried out at room temperature (20+1)°C and atmospheric pressure.
During EC, samples were taken out with an interval time of 10 minutes and were left to settle
for 90 minutes before analysis. Stirring speed during EC was always fixed at 100 rpm. This was
chosen since preliminary results highlighted that higher tested rotation speeds up to 300 rpm
consumed more energy and, at the same time, never changed significantly the removal yield of

total solids, nitrogenous species, phosphorous compounds and chemical oxygen demand.

Table 1. Composition and properties of the digestate.

Parameter Value
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pH

Conductivity (uS/cm)

TN (mg/L)
NH4"-N (mg/L)
TP (mg/L)

COD (mg/L)
Turbidity (NTU)
TSS (g/L)

Total VFA (g/L)
Butyric acid (g/L)
Acetic acid (g/L)
Ethanol (g/L)
Glycerol (g/L)

6.3+0.1
18700+200
350+5
200+£5
750+£20
19500+500
3500+50
8.0+0.5
9.0£1.0
6.3+£0.5
1.5+0.5
0.4+0.1
0.9+0.1

Anode ——*

i

1

44— DC power supply

+—— Cathode

+—— Beaker

1+

Magnetic bar

Madanetic stirrer —h‘ 0 O \

Figure 1. Schematic diagram of the experimental set-up.

2.2. ANALYSES
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All analyses were conducted in triplicate. pH and conductivity of the solution were monitored
over time using a Seven Easy pH meter (Mettler-Toledo, Switzerland) and a Seven Excellence
multimeter (Mettler-Toledo, Switzerland), respectively. The concentration of VFA was
measured using a high-performance liquid chromatography (HPLC) device. Before analysis,
each sample was de-proteinized to prevent clogging of the column. For this, 250 pL of barium
hydroxide solution (Ba(OH)2; 0.3 M) and 250 pL of zinc sulphate solution (ZnSQO4, 7H20; 5%
w/v) were added to 2 mL of the sample. These compounds cause precipitation of the proteins
present in the medium. After centrifugation (Beckman Coulter, USA) for 5 minutes at 10000
rpm, the supernatant was filtered using a cellulose acetate syringe filter 0.45 pm
(CHROMAFIL, Germany) and placed in vials. The used apparatus was HPLC 1260 Infinity
Quaternary LC system (Agilent Technology, USA). The used chain consisted of two columns
of ion exclusion connected in series (Rezex ROA 300 x 7.8 mm, Phenomenex, USA). The
mobile phase was a solution of 2 mM sulfuric acid diluted in ultrapure water (Millipore,
MilliQmore) continuously degassed with a degasser (Ney Ultrasonik 300) integrated to the
apparatus. The flow rate was fixed at 0.7 mL/min using a pump (HP 100 Series, Agilent
Technologies, USA). The device was equipped with an automatic injector fixed loop (Rheodyne
valve Agilent) that delivers 10 pL. VFA detection was done by a refractometer (HP 1100 series,
Agilent Technologies, USA). The signals delivered by the sensor were processed by an
integrator (HP 1100 series). The acquisition and integration of data were achieved through a
software (HP Chem, Agilent Technologies, USA). Turbidity was measured using a colorimeter
DR/890 (Hach Lange GmbH, Germany) containing an infrared diode of 890 nm and a light
reflection detector. The concentration of total suspended solids (TSS) was determined
according to the standard method 2540 D by filtering a defined water volume through a
membrane filter (cellulose nitrate 0.45 um) and weighing the dried residues. Chemical oxygen
demand (COD) measurement was performed using a thermoreactor COD meter and a
spectrophotometer DR/890 (Hach Lange GmbH, Germany). Total nitrogen (TN) was measured
using a TNM-1 analyzer (Shimadzu, Japan). Ammonium nitrogen (NH4'-N) was measured
using Berthelot method. Total phosphorus (TP) was measured using the acid persulfate

digestion method.

The removal efficiency of each soluble or solid compound was calculated using the

following equation:

R % = (Cop-Cy)/Co (7)
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where R is the removal efficiency of the soluble or solid compound, Cy is the initial
concentration of the soluble or solid compound and C; is its concentration at time t. The
concentration of dissolved aluminum in the effluent at the end of the EC treatment was
determined using a spectrophotometric analysis based on the aluminum(IIl)-Eriochrome

Cyanine R complex [20].

3. RESULTS AND DISCUSSION

3.1. PRELIMINARY SETTLING EXPERIMENTS

Before exposing the digestate to EC and to investigate the effect of settling on digestate
components, this digestate was left to settle for 24 hours. These results showed that settling did
not affect VFA concentration in the digestate. However, settling resulted in low removal
efficiency of 31.5+ 2.0 %, 35.6 £ 1.0 %, 2.6 £ 0.2%, 3.8 £ 0.5 % and 3.5 + 0.4% for turbidity,
TSS, COD, TN and TP, respectively. Due to the inefficiency of settling alone to separate VFA

from other digestate components, EC was applied to the digestate before leaving it to settle.

3.2. EC EXPERIMENTS

As settling was not efficient in separating the VFA from the other components of the digestate,
EC was carried out to assess its effect on the digestate components. The effects of electrolysis
time, electrode material current density, inter-electrode distance and initial pH were

investigated.

3.2.1. INFLUENCE OF EC ELECTROLYSIS TIME

The first series of experiments aimed to study the influence of EC time on the digestate
components. For this, EC was performed at current density 9.3 mA/cm? for 90 min., pH; 6.3, a
stirring speed of 100 rpm and 1 cm inter-electrode distance with aluminum electrodes.
Experimental results showed that the concentrations of the main VFA (butyric acid and acetic
acid) were constant during EC, regardless of EC time (Table 2). VFA were not removed, as it
seems that they were neither oxidized by EC, nor adsorbed on flocs formed during EC, due on
the one hand to the incompatibility of sizes between the small low molecular weight VFA and
the large pores in flocs and, on the other hand, to the electrostatic properties of the flocs and the
VFA. Moreover, VFA did not precipitate as they are very soluble in water, and at the same

time, it is probable that the compounds which may precipitate the VFA do not exist or exist in
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negligible concentrations in the digestate. Results also showed that turbidity, TSS, COD, TN
and TP were effectively removed by EC (Table 3). The observed low COD removal efficiency
could be explained by the inefficiency of EC in removing the VFA and the low efficiency of
EC in removing glycerol and ethanol, the other two main organics in the digestate. Also, this
might be due to the low removal efficiency of some other organic compounds found in very
low amounts which were not taken into consideration. This low efficiency of EC in removing
glycerol and alcohol was also reported by Zhao et al. [14]. In fact, the increase of removal
efficiency as time proceeds was also reported by Sadeddin at al. [21]. This result could be easily
explained according to Faraday’s law which implies that aluminum ions that are at the origin
of aluminum hydroxides formation (responsible for soluble or solid compounds removal)

increase with time [22].

As seen in Table 3, 60 min. of EC was enough for the insoluble and soluble organic compounds,
or N and P species (Turbidity, TSS, COD, TN and TP), as the removal efficiency of all these
tested parameters did not increase significantly after 60 min. of electrolysis. Based on these

results, the subsequent experiments were performed for 60 min to save energy.

Table 2. Influence of time on VFA (butyric and acetic acid). Conditions: Al electrodes, current
density 9.3 mA/cm?, pH; 6.3, inter-electrode distance 1 cm, stirring speed 100 rpm.

Time (min) Butyric acid Acetic acid
concentration (g/L) concentration (g/L)
0 6.34 +0.02 1.36 £ 0.01
10 6.35+0.03 1.36 £ 0.02
20 6.33+0.01 1.35+0.02
30 6.34 £ 0.02 1.34+£0.01
40 6.34 £ 0.04 1.33+£0.02
50 6.33 +0.04 1.34+£0.03
60 6.34+0.03 1.34 £0.02
70 6.33+£0.03 1.33+0.02
80 6.34 £ 0.02 1.35+0.01
90 6.35+0.02 1.36 £ 0.02
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Table 3. Influence of time on the removal efficiency of turbidity, TSS, TN, COD and TP.
Conditions: Al electrodes, current density 9.3 mA/cm?, pHi 6.3, inter-electrode distance 1 cm,
stirring speed 100 rpm.

Time Turbidity TSS removal ™ re.moval COD removal TP rem oval
(min) removal efficiency (%) efficiency efficiency (%) efficiency
efficiency (%) (%) (%)

10 15.5+0.5 18.1+ 1.0 20.5+0.5 23+0.5 255+1.0
20 29.5+0.5 315+ 1.5 323+1.0 6.8+0.5 39.9+2.0
30 405+ 1.5 43.5+0.5 455+1.5 102+ 1.0 557+1.5
40 59.6+1.0 63.5+2.0 523+1.0 13.2+0.5 68.5+1.0
50 61.5+1.5 66.7+ 1.5 553+0.5 145+1.5 72.5+0.5
60 63.2+2.0 68.5+1.0 56.4+1.0 156+1.0 75.4+1.0
70 643=1.0 69.1+1.0 572+1.0 16.2+0.5 782+ 1.5
80 65.1+1.0 69.2+1.0 574+1.0 16.5+£0.5 79.1+1.0
90 65.9=+1.0 70.1+1.5 58.3+0.5 17.1+£1.0 80.1 +1.0

3.2.2. INFLUENCE OF THE ELECTRODE MATERIAL: ALUMINUM AND
IRON

Electrode material is essential in the EC process. Therefore, this material should be chosen
carefully. The most common electrode materials used for electrocoagulation are aluminum and
iron, as they are cheap, readily available and effective [23, 24]. In this series of experimental
runs, the effect of EC on the digestate was investigated with both electrode materials (aluminum
and iron) at current density 9.3 mA/cm?, pH; 6.3, stirring speed of 100 rpm and inter-electrode
distance 1 cm for 60 min. Experimental data showed that EC with both electrode materials did
not have any significant influence on the removal of the VFA which remained in the digestate
(Figure 2a). However, as shown in Figure 2b, aluminum electrodes were more efficient than
iron electrodes in the removal of insoluble and soluble organic compounds, or N and P species
(turbidity, TSS, COD, TN and TP). The removal efficiency of turbidity, TSS, TN, TP, and COD
increased from 45.3 = 1.0%, 61.2 + 2.0%, 51.2 + 1.0%, 63.5 £ 1.0% and 7.5 + 1.0% with iron
electrodes to 63.2 + 1.0%, 68.5 £ 2.0%, 56.4 = 1.0%, 75.4 + 1.0% and 15.6 £ 1.0% with
aluminum, respectively. The better performance of aluminum electrodes in comparison to iron
ones is because iron hydroxides are relatively inefficient coagulants compared to aluminum
hydroxides [25] coupled to ahigher faradaic yield with aluminum electrodes [26]. Higher
efficiency of aluminum electrodes was also reported by Govindan et al. [27] who worked on
the removal of fluoride ions. The weak decrease of COD is mainly due to VFA which are not
removed. TN abatement is also limited by the fact that EC is not able to remove NH4" cations.

Even though the faradaic yield increased from 97 + 3% to 157 + 6% when switching from iron
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to aluminium electrodes, the mass of dissolved metal at constant current density was higher
with Fe electrodes than with Al electrodes, the mass of dissolved metal at constant current
density was higher with iron electrodes than with aluminium electrodes (Figure 2c¢). This is
due to the fact that the dissolution of 1 mol Al needs 3 mol electrons, whereas 1 mol Fe needs
only 2 mol electrons at constant current; moreover, the molar mass of Fe is much higher (55.85
g/mol) than that of Al (26.98 g/mol). The high faradaic yield (>100%) with aluminum
electrodes may be explained by the chemical oxidation of aluminum electrodes [28]. This
oxidation is not taken into consideration by Faraday’s law. The lower faradaic yield with iron
electrodes (<100%) is due to the fact that iron corrosion occurs only in acidic media and in
much lower extent than that for aluminium [29]. Moreover, in this case, pH reached more than
8 after 40 min. of electrolysis. At this alkaline pH value, iron oxidation leads to Fe (III) species
formation as oxides or hydroxides. This decreases the iron concentration produced, because Fe
(III) species formation requires 3 electrons instead of 2 and so, a higher current is needed for

achieving the same iron concentration.

Experimental results also showed that pH increased more with iron electrodes, as illustrated by
Figure 2d. Actually, pH reached 8.6 = 0.1 and 7.3 + 0.1 with iron and aluminum electrodes,
respectively after 60 min. of electrolysis. This difference may be due to the different buffering
properties of the two metal hydroxides. After settling, it was observed that the effluent treated
with aluminum electrodes was very clear; however, in the case of iron electrodes, a yellow color
was observed in the effluent which is due to the presence of FeCls. Usually at the beginning of
EC with iron electrodes, a green color appears due to FeClo. Later, Fe (II) is oxidized to Fe (III)
that combines with CI ions to form FeClz which turns color yellow and turbid. However, in this

study, the green color was not observed at the beginning of EC as the solution was highly turbid.

From these results that highlight a better performance of aluminum electrodes, subsequent

experiments were performed only with aluminum electrodes.
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3.2.3 INFLUENCE OF CURRENT DENSITY

Current density is the most important parameter in all electrochemical processes as it
determines the rate of the coagulant release, bubble production and growth of flocs [30]. In this
series of runs, three current densities were tested (9.3 mA/cm?, 18.5 mA/cm? and 27.8 mA/cm?)

at pH; 6.3, stirring speed of 100 rpm and inter-electrode distance 1.0 cm.

Experimental results showed that current density did not affect the concentration of VFA in the
digestate, as this concentration remained invariable during EC (Figure 3a). Figure 3b shows
the influence of EC on soluble or solid compounds in the digestate. It is clear that the removal
efficiency of all these compounds was higher as current density increased. For example, the
removal efficiency of turbidity, TSS, TN, TP and COD increased from 75.3 + 1.0%, 80.5% =+
2.0,70.3 £2.0%, 85.6 £2.0% and 19.6 £+ 1.0% to 85.3 £ 2.0%, 88.3 = 1.0%, 80.5 + 1.0%, 92.3
+ 1.0% and 23.3 + 1.0% as current density increased from 18.5 mA/cm2 to 27.8 mA/cm?2,
respectively. This result is consistent with those of Zeboudji et al. [31] and Palahouane et al.
[32], who found that the removal efficiency of boron and fluoride ions by EC, respectively,
increased with the increase of current density. This result is due to the enhanced aluminum
dissolution at higher current density values which results in the formation of more aluminum
hydroxide flocs [33]. This was proved experimentally in this study, as the mass of flocs formed
increased from 0.90 + 0.02 g (corresponds to 1.80 + 0.04 kg/m?) to 2.30 + 0.01 g (corresponds
to 4.60 + 0.02 kg/m*®) when current density increased from 9.3 mA/cm? to 27.8 mA/cm?. The
produced flocs adsorb or neutralize insoluble and soluble organic compounds, or N and P
species and consequently result in better removal efficiency. Concerning sludge disposal costs,
at the lowest current density of 9.3 mA/cm?, it is 0.108 + 0.002 US $/m?’, assuming that this

cost (excluding drying costs and including transportation) is 0.06 US $/kg.

The final conductivity of the digestate decreased slightly from 18700 = 500 pS/cm to 17500 +
200 pS/cm and the final pH increased from 7.3 + 0.1 to 8.2 + 0.1 as current density increased
from 9.3 (mA/cm?) to 27.8 (mA/cm?). The conductivity decrease may be attributed to the
adsorption of ions (cations and anions) on the formed aluminum hydroxide flocs. Lower
conductivity values at higher current density values can be explained by the higher final pH at
higher current density. pH increased at all the current densities tested, and it reached higher
values with higher current density (Figure 3c). The reason behind pH increase during EC is
due to OH" ions production at the cathode [34]. More OH™ ions are produced at higher current

densities resulting in higher pH values. In this case, the extent of OH- ions production was more
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important than OH™ consuming phenomena. However, there is still a debate on the cause of pH
increase with aluminum electrodes. Several authors [35] attributed the pH increase to hydrogen
evolution at the cathode (accompanied by OH™ ions production). However, according to Chen
et al. [36], this pH increase can result from the transfer of CO; or from the existence of some
anions such as Cl" and SO4>, they can exchange partly with OH™ in AI(OH)s to free OH", which

also causes pH increase.

Faradaic yield was always higher than 100%, but decreased when current density increased
with Al electrodes (Figure 3d), which resulted from an increase of the cathodic protection of
the cathode against chemical corrosion when current increased and secondary reactions as water
oxidation (equation 8) that compete with aluminum oxidation especially at high current density

values [29].

2H,O — Oy + 4H' + 4e~ (8)

In fact, if the experimental mass loss from the cathode is disregarded and only the experimental
mass loss from the anode is taken into account, faradaic yield would decrease and get closer to
100% than when the experimental mass loss is measured from both electrodes. Actually,
faradaic yield values would become 123 £ 4%, 115 £+ 1% and 109 £ 1% for current densities of
9.3 mA/cm?, 18.5 mA/cm? and 27.8 mA/cm?, respectively. This means that in all cases, the
majority of excess aluminum dissolved is due to pitting corrosion (due to Cl in the digestate)
on the one hand and chemical attack of the cathode on the other hand due to the alkalinity at its

vicinity according to the equation (9):

2Al + 6H,0 — 2[AI(OH)4] + 3H, 9)

Excess aluminum from the anode that was less than that from the cathode is due on the one
hand to pitting corrosion and on the other hand to chemical attack due to acidity at the proximity

of the anode according to equation (10):
2A1+ 6H" — 2A1% + 3H, (10)

These results also showed that the concentration of residual aluminum was higher at higher
current densities. This concentration was 1.3 + 0.1 mg/L, 1.9 £ 0.2 mg/L and 2.5 £ 0.2 mg/L at
current densities of 9.3 mA/cm?, 18.5 mA/cm? and 27.8 mA/cm?, respectively. Due to this
residual aluminium, attention must be paid for the further valorisation of the VFA, especially if

microorganisms will be used, as they maybe would not survive. As soluble or solid compounds
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were best removed at the highest current density (27.8 mA/cm?), subsequent experiments were

carried out at this current density.
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3.2.4. INFLUENCE OF INTER-ELECTRODE DISTANCE

This new set of experimental runs was dedicated to study the influence of the inter-electrode
distance during EC on the digestate components. Three inter-electrode distances were tested
(1.0 cm, 1.5 cm and 2.0 cm) at pH; 6.3, current density 27.8 mA/cm? and stirring speed of 100
rpm with aluminum electrodes. As Figure 4a shows, VFA concentration was not affected by
the inter-electrode distance. These results also showed that, increasing the inter-electrode
distance from 1.0 cm to 2.0 cm decreased the removal efficiency of turbidity, TSS, TN, TP, and
COD from 85.3 + 0.2%, 88.3 & 0.2%, 80.5 + 0.1%, 92.3 £ 0.1% and 23.3 £ 0.1% to 70.5 +
0.1%, 76.3 = 0.2%, 60.3 £ 0.1%, 74.2 = 0.1% and 8.5 = 0.1% after 60 min. of electrolysis
(Figure 4b), respectively. Similar results on the effect of inter-electrode distance were reported

by Ghosh et al. [37] who worked on the removal of Fe(Il) from tap water by EC.

This better removal efficiency of insoluble and soluble organic compounds, or N and P
species at lower inter-electrode distances could be explained by the fact that at this inter-
electrode distance, the faradaic yield increases, so that the amount of coagulant released with
time is increased [38]. Another possible explanation 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 pollutants and nutrients and H bubbles [15].

Moreover, as the inter-electrode distance increased from 1.0 cm to 2.0 cm, faradaic yield
decreased from 127 + 2% to 96 + 2%. Experimental aluminum mass loss was 0.48 + 0.01 g,
0.55 + 0.01 g and 0.64 £+ 0.01 g at inter-electrode distances of 2.0 cm, 1.5 cm and 1.0 cm,
respectively (Figure 4c¢). The amount of produced sludge was nearly proportional to the
quantity of dissolved aluminum, as the mass of sludge was 1.70 + 0.02 g (corresponds to 3.40
+0.04 kg/m?), 1.90 £ 0.01 g (corresponds to 3.80 = 0.02 kg/m?), and 2.30 £ 0.01 g (corresponds
to 4.60 + 0.02 kg/m?) at inter-electrode distances of 2.0 cm, 1.5 cm and 1.0 cm, respectively.
Considering the amount of sludge produced, the sludge disposal cost is 0.277 = 0.001 kg/m?> at
inter-electrode distance 1.0 cm. In addition, as aluminum dissolution increased at lower inter-
electrode distance, the concentration of residual aluminum also increased. For example, Al
concentration in water increased from 1.2 + 0.1 mg/L to 2.5 £ 0.1 mg/L as the distance
decreased from 2.0 cm to 1.0 cm at the same current density (Figure 4d), showing an increased

effect of the rear faces of the electrodes.
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Based on the results in this part, a last set of experiments was carried out at the inter-electrode

distance 1.0 cm.
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3.2.5. INFLUENCE OF INITIAL pH

Initial pH (pH;) of the solution is considered as one of the most important parameters
influencing strongly the overall EC process as it determines aluminum speciation that results
from a spontaneous hydrolysis of electrochemically generated metal cations [31]. This new set
of experimental runs was dedicated for the investigation of the influence of pH; on the removal
efficiency of the digestate components during EC. In practice, the pH of digestate should vary
only between 5.5 and 6.5. The objectives are to estimate the influence of pHi and to check
whether the adjustment of the initial pH is necessary. Thus, three pH; values of 4.0, 6.3 (natural
pH of the digestate) and 9.0 were tested at current density 27.8 mA/cm?, stirring speed 100 rpm
and inter-electrode distance 1.0 cm with aluminum electrodes. Experimental data showed, as in
the previous experiments, that VFA were not removed when pH; value of the digestate was

changed (Figure 5a).

Figure 5b demonstrates that the highest removal efficiency of all insoluble and soluble
organic compounds, or N and P species was achieved at pH; 4.0. But while an alkaline pH; as
9.0 strongly impaired all the removal efficiencies, the differences between the results at pH; 4.0
and pH; 6.3 were slighter: COD, turbidity and TSS removal yields did not vary significantly,
whereas only TN and TP removal yields decreased. This constitutes an attractive result because
the initial pH of digestate remains between 5.5 and 6.5, in which EC is known to be a robust
process. Conversely, lower removal efficiency at pH; 9.0 is due to the predominance of an
ineffecient adsorbant (monomeric AI(OH)4 anion) under alkaline conditions [39]. For TN, the
decrease of the removal yield when pH increases is probably due a reduced adsorption of
charged nitrogenous species (such as proteins) which strongly depends on pH. In the case of
TP, this better removal efficiency at more acidic pH; values may be related to the dominance of
AIPO4 at more acidic conditions [38] where phosphate elimination takes place mainly by
precipitation. Moreover, at acidic conditions, the oxide surfaces have a net positive charge, and
adsorption of anionic phosphate is enhanced by columbic attraction. At higher pH values, the
oxide surface has a net negative charge and would tend to repulse the anionic phosphate in
solution [40]. This result on phosphate removal is in agreement with the previous works of
Irdemez et al. [41] and Attour at al. [38] who found that the most effective phosphate removal
is at pH; 3.0.

Figure Sc¢ shows the influence of pH; on experimental mass loss and consequently faradaic

yield. These results showed that pH; value did not have a significant influence on aluminum
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dissolution. Faradaic yield values were 129 + 2%, 127 + 2% and 126 + 2% at pH; of 4.0, 6.3
and 9.0, respectively. Concerning pH evolution, and as Figure 5d shows, pH increased
gradually to reach 6.8 + 0.1 and 8.2 + 0.1 at the end of EC at pH; 4.0 and 6.3, respectively.
However, pH decreased slightly down to 8.6 &= 0.1 at pH;i 9.0. This highlights the buffering
effect of EC when Al electrodes are involved. This trend is, indeed, attributed to the formation
of aluminum hydroxide [AI(OH)4]” which is an alkalinity consumer [36, 42]. Finally, the initial
pH of the digestate appeared to have no signficant effect on the residual VFA concentration, on
the electrode dissolution and, therefore, on the residual aluminum concentration, that was (2.50
mg/L at all pH; values.). The negligible effect of pHi on the extent of aluminum dissolution is
consistent with the results of Mouedhen et al. [43] who found that there was no significant
effect of pHi on aluminum dissolution above pH; 3.0 and confirms the previous explanation that
removal efficiency was not related to the amount of dissolved aluminum or formed flocs but to
the nature of aluminum hydroxides at each pH; value. The conclusion is, therefore, that no pH

adjustment of the disgestate is necessary before EC treatment.
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117



3.3. EC COST ANALYSIS

EC showed its efficiency in the preliminary purification of VFA in the digestate from
acidogenic fermentation, as VFA remained in the liquid phase at all tested conditions, while the
other components were removed at different percentages. EC was proven to be an efficient
process; however, its practical applicability is related to its operating cost. In this study, EC
operating cost (US $/m?®) was calculated as the total sum of the costs of electrode material
consumption (EMC) and electrical energy consumption (EEC). The price of the electrode
material used was estimated at 1.5 US $/kg Al and 0.08 US $/kg Fe and the price of electrical
power was considered at 0.13 US $/kWh. The mass of electrode material consumed (g) after
60-minute electrolysis time is estimated from electrodes mass difference before and after

electrocoagulation.

EEC (kWh/m® water) after 60 minutes of digestate solution treatment was calculated using
equation (11):
EEC (kWh/m?) = U.Lt/V (11)
where U is the cell voltage (V), I is the current (A), t is the electrolysis time (h) and V is the
volume (L) of effluent to be treated. EC cost was calculated in terms of electrode material,
current density, inter-electrode distance and pH;. The consequence of Eq. (10) and (11) is that
EC cost is nearly proportional to time; so, only the results at 60 min. of electrolysis will be
presented.
Experimental results showed that EC cost was higher with aluminum electrodes than with iron
electrodes. In fact, EC cost increased from 0.26 + 0.03 US $/m? to 1.07 = 0.04 US $/m°,
switching from iron to aluminum when current density was 9.3 mA/cm? (Figure 6a). This
difference in operating cost is due to the much higher EMC with aluminum electrodes, as EEC
was only slightly higher with iron electrodes (between 1.5 and 2.0 kWh/m?). Although the
amount of experimental electrode mass loss is higher in the case of iron (0.34 + 0.01 g compared
to 0.26 + 0.01 g in the case of aluminum electrodes); however, EMC is 0.8 US $/m? and 0.05
US $/m? with aluminum and iron electrodes, respectively. This is due to the much higher price

of aluminum.

Then, Figure 6b describes the influence of current density with aluminum electrodes on
EC operating cost. As shown in this figure, higher current density led to higher EC cost in the
range investigated: increasing current density from 9.3 mA/cm? to 27.8 mA/cm? increased EC

cost from 1.07 + 0.04 US $/m> to 3.75 + 0.04 US $/m>. At all current densities tested, EMC
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contribution to the total EC cost was higher than the contribution of EEC. However, at current
density 27.8 mA/cm?, EMC contribution to the total EC cost was just slightly higher than the
contribution of EEC. EMC and EEC both increased as current density increased.

Figure 6¢ shows the effect of inter-electrode distance at current density of 27.8 mA/cm?
with aluminum electrodes for 60 min. of electrolysis time on EC operating cost. In fact, as the
inter-electrode distance increased from 1.0 cm to 2.0 cm, EC cost increased from 3.75 + 0.04
US $/m*to 4.92 + 0.04 US $/m>. This higher cost at higher inter-electrode distance is due to
higher EEC at higher inter-electrode distance, as EMC was higher at lower inter-electrode
distance where metal dissolution was higher. However, the difference in EMC between the
three tested inter-electrode distances was low and was not sufficient to balance the greater
difference in EEC. In fact, EEC contribution to the total EC cost increased from 1.83 +£0.01 US
$/m* (14 kWh/m?) to 3.47 £ 0.01 US $/m?® (27 kWh/m?) as inter-electrode distance increased
from 1.0 cm to 2.0 cm, but EMC contribution cost decreased from 1.92 + 0.03 US $/m’ to 1.45

+0.03 US $/m> with the same increase in inter-electrode distance.

The influence of initial pH (pHi) on EC operating cost is shown in Figure 6d. It is clear
that EC cost was not affected by initial pH as the difference in EEC and EMC between the three
tested pHi values was negligible. This resulted in EC operating cost of 3.76 = 0.05 US $/m? at
all pH; values of 4.0, 6.3 and 9.0.

As a conclusion, it can be said that working at the lowest current density of 9.3 mA/cm?
and the lowest inter-electrode of 1.0 cm, could reduce EC cost to 0.26 = 0.03 US $/m> and 1.07
+ 0.04 US $/m® when working with iron and aluminum electrodes, respectively, whereas, pH;
had no significant effect on cost. EC cost was much lower when working with iron electrodes,
mainly due to metal price and EMC, while energy consumption remained between 1.5 and 2.0
kWh/m? for both metals; however, aluminum electrodes were more efficient for the preliminary
purification of VFA as shown before. These operating costs of EC, which correspond to 0.026
US $/kg and 0.107 US $/kg of purified organic acids with iron and aluminum electrodes,
respectively (as the concentration of volatile fatty acids in the digestate is around 10 g/L) are
more economic than the values of 3.92-22.84 kWh/kg acids recovered required by
electrodialysis for the recovery of a mixture of organic acids [44] and also more cost-effective
than the value of 0.111 $/kg acetate needed by two stages of nanofiltration preceded by
microfiltration for the recovery of acetic acid from fermentation broth [45]. In practice, the

comparison is more complex because EC constitutes only a preliminary treatment for VFA
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purification, so that concentration, e.g. using nanofiltration, must still be carried out. These
results demonstrate that EC will not increase significantly the concentration cost and will

probably decrease membrane fouling and, therefore, cleaning and maintenance requirements.
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4. CONCLUSION

As a conclusion, electrocoagulation (EC) in the batch mode has been shown to be efficient for
the preliminary purification of volatile fatty acids (VFA) in a digestate from acidogenic
fermentation. The mechanism of VFA purification occurred by the coagulation and the co-
precipitation of other species in the digestate, while the VFA stayed totally in the liquid phase.
Highest removal efficiencies of 85.3 = 1.0 %, 88.3 + 1.0 %, 80.5 = 2.0% and 92.3 + 1.0% for
turbidity, TSS, TN and TP, respectively were obtained with aluminum electrodes at the highest
current density 27.8 mA/cm?, natural pH of the digestate 6.3, and at the lowest inter-electrode
distance 1.0 cm. EC operating cost depended on electrode material, current density, and inter-
electrode distance, whereas initial pH did not have any significant effect on EC cost. The lowest
EC operating cost with aluminum and iron electrodes was 1.07 £ 0.04 US $/m® and 0.26 + 0.03
US $/m?, respectively, when working at the lowest current density 9.3 mA/cm? and the lowest

inter-electrode distance 1.0 cm.
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CHAPTER 5: THE USE OF RESPONSE SURFACE
METHODOLOGY FOR EVALUATING THE RECOVERY OF
THE MICROALGAE CHLAMYDOMONAS REINHARDTII BY

ELECTRO-COAGULATION-FLOCCULATION

This article is submitted to Algal Research. Consequently, it follows the guidelines of this
journal.

FAYAD Nidal, YEHYA Tania, DE BAYNAST Hélene, LAROCHE Céline, AUDONNET Fabrice, VIAL
Christophe.

ABSTRACT

For the first time, response surface methodology (RSM) was used to investigate the effect of
the most influential variables including initial pH, current density and operating time on the
recovery efficiency of the microalgal species Chlamydomonas reinhardtii from the culture
medium by electro-coagulation-flocculation (ECF) in the batch mode using aluminum
electrodes, while estimating the relative operating costs. Experimental results showed that the
maximum recovery efficiency of 90% was obtained at operating time 60 minutes, current
density 14.4 mA/cm? and initial pH 6. Data also showed that the effect of initial pH was
insignificant on ECF operating cost, which ranged from 0.13 to 1.8 US $/m>. Two models for
predicting recovery efficiency and ECF operating cost were developed. Microalgae recovery
followed a second-order kinetics, with charge neutralization being the mechanism responsible
for recovery, as shown by the increase of zeta potential value with time. Moreover, ECF was

shown to be more efficient than chemical flocculation with chitosan.

Keywords: microalgae recovery, Chlamydomonas reinhardtii, electro-coagulation-flocculation,
response surface methodology

1. INTRODUCTION

Microalgae have a great potential in diverse applications [1]. However, for challenging societal
pressure such as carbon sequestration, wastewater treatment, and biofuel production,
microalgae cultivation at a very high scale is compulsory [2]. Microalgae as the 3™ generation
source of biofuels have major advantages, such as short life cycle and varied cultivation

conditions. As well, microalgae cultivation does not take up the agricultural land [3], and in
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marked contrast to soybean, sugarcane and canola, microalgae are not edible; their production
is less expensive, allow higher yield and do not need clean water to grow [4]. In spite of these
interesting advantages, there are many obstacles that render microalgae commercialization
difficult. The major limitation is the separation of microalgae from their culture media, which
is expensive due to the dilute nature of the microalgae in their cultivation media [5]. Moreover,
the microalgal cells, with a size range between 5 and 50 um, form a stable colloidal suspension
because of their negatively charged cellular surfaces [6]. An efficient microalgae dewatering
process should be suitable for all microalgae strains, provide a product with a high microalgal
concentration and require the minimum possible costs of energy, operation and maintenance.
Microalgae dewatering is a two-step concentration method which concentrates the microalgae
from 0.02-0.06 % total dissolved solids (TDS) to 15-25% TDS or more, depending on the
intended future utilisation of microalgae [7]. Industrial techniques employed for the separation
of microalgal biomass from the culture media include flocculation [8], flotation [9],
centrifugation [ 10] or filtration [11]; these techniques may be used separately or in combination.
Centrifugation is the most widely used harvesting process. However, for low added-value
products like biodiesel and feed, conventional centrifugation and filtration methods are deemed

energy intensive and costly [12].

Electrochemical technologies, such as electrocoagulation (EC), which had been already
implemented successfully in many industrial and environmental applications [13-16] represent
a promising alternative for microalgae recovery. In EC, controlled current is applied between
two metal electrodes immersed in an aqueous solution. The electrical current causes the
dissolution of anodes often made of iron or aluminum into the solution. The metal species
released in solution, at an appropriate pH, can form vast species of solid flocs that destabilize
and aggregate the suspended particles or precipitate, and adsorb dissolved substances [17]. The
reactions that occur at electrodes in EC are as follows [18]. For aluminum electrodes, oxidation

reaction takes place at the anode:
Als) — Alag®" + 3e” (eq. 1)

Reduction reaction takes place at the cathode:
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3H,0 +3¢” — (3/2) Ho + 30H™ (eq. 2)
Overall reaction can be summarized as:
A" — AI(OH),®™ — Aly(OH),*" — Al3(OH)+°" — Alj3 complex — AI(OH)s (eq. 3)

EC presents various advantages, such as low energy dissipation, versatility, environment

compatibility, safety, selectivity and cost effectiveness [11].

EC has been already used for algae removal for water treatment purposes [19-21]; however, the
studies on microalgae recovery by EC for biorefinery purposes are scarce in the literature,
without, to the best of our knowledge, any study reported on the recovery of any

Chlamydomonas species.

In order to fill this gap in the literature, the aim of this study was to investigate the harvesting
of the microalgae Chlamydomonas reinhardtii from its culture medium using electro—
coagulation—flocculation (ECF). The effects of current density, initial pH, and operating time
on microalgae recovery efficiency and ECF operating cost have been evaluated using the
response surface methodology. Models for predicting recovery efficiency and ECF operating
cost have been developed. Moreover, the kinetics and mechanism of recovery have been
explained. In addition to that, ECF has been compared to chemical flocculation chitosan, which

is intensively studied in the literature.

2. MATERIALS AND METHODS

2.1. MICROALGAE SPECIES (CHLAMYDOMONAS REINHARDTII)

All experiments were carried out with the fresh-water microalgae Chlamydomonas reinhardltii
(Figure 1), a unicellular biflagellate green microalgae [22]. Chlamydomonas species are widely
distributed in soil and fresh water. C. reinhardltii is a widely studied biological model organism,
due to its ease of cultivation, rapid growth, and its ability to manipulate its genetics [23]. Its
whole genome sequencing has been completed in 2007 [24]. It is very interesting commercially,
as it produces metabolites with industrial/pharmaceutical interest [25], biofuels [26] and

hydrogen [24].
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Figure 1. Microscopic image of the microalgal species, Chlamydomonas reinhardtii.

2.2. MICROALGAE CULTIVATION

The culture medium used for pre-cultures preparation was prepared and pH was adjusted to 7.
This culture medium contained: 3.15 g/l CH3COOH, 1.38 g/L NH4Cl, 0.27 g/L MgS0Oa, 7TH20,
0.74 g/l KoHPO4 and 0.05 g/L CaClo, 2H>O. Hunter’s solution, a trace elements solution, was
also prepared (pH adjusted at 6.5 — 6.8) and autoclaved separately to avoid any precipitation of
elements. The components of Hunter’s solution per 100 mL of distilled water are: 5 g
Na;EDTA, 2.2 g ZnS0O4.7H>0, 1.14 g H3BO3, 0.506 g MnCl,.4H-0, 0.499 g FeSO4.7H;0,
0.161 g CoCl2.6H20, 0.157g CuS04.5H20 and 0.11 g (NH4)6M07024.4H>0. After that, 250 mL
of the culture medium were poured in two separate 500 mL erlenmeyer flasks; these flasks were
then autoclaved at 120°C for 20 minutes. After autoclaving, the flasks were aseptically
inoculated with 30 mL of the microalgal suspension. Then, 0.5 mL of Hunter’s solution were
added. These erlenmeyer flasks were placed in an incubator for 7 days to allow microalgae
grow reasonably dense under controlled light (intensity of 150 pmol photon/m?/s, the day and
night pattern was 16 hrs. day — 8 hrs. night, using fluorescent lamps (Osram, Italy)) and
temperature (24 £ 1) °C. The erlenmeyer flasks were stirred at 130 rpm by an agitating plate
(Dragon Lab, China).

After reaching the stationary phase of growth, the microalgae (pre-cultures) were used as starter
cultures to inoculate a 5 L cylindrical, radially illuminated photobioreactor of radius 0.08 m
(Figure 2). A continuous artificial illumination was supplied by 55 halogen lamps (Sy/vania
professional 25, BAB 38°, 12 V, 20 W) surrounding the culture and allowing control of
irradiance up to 8000 umol photons/m?/s. Illumination of the culture was controlled by
adjusting the power supplied to the lamps. Light incident fluxes were calibrated using a method
described elsewhere [27]. Agitation speed was fixed at 300 rpm and temperature at 24°C. The

photosynthetic activity of microalgae was monitored using pO> sensor and pH was maintained
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at around 7 by varying the CO» content (between 0.5 to 2%) in the continuously injected air

(100 mL/min).

Figure 2. The photobioreactor used for Chlamydomonas reinhardtii culture.

2.3. MICROALGAE GROWTH MONITORING

To evaluate the growth profile of microalgae, samples were collected daily and quantification
of cells” number per mL was carried out by cell counting using a Malassez hemocytometer
(Tiefe depth, 0.200 mm) and a microscope (Olympus BX41TF, Japan) at a magnification X100
(oil immersion lens). The same collected samples were analyzed by a spectrophotometer
UV/Visible Biomate 3S (Thermo Fisher Scientific, USA) at a wavelength of 750 nm. A
correlation curve between the number of cells per mL and the optical density at 750 nm was
generated (Figure 3). The stationary phase started after 12 days of culture and the culture was

interrupted after 14 days before the beginning of the death phase.
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Figure 3. Correlation curve between absorbance at 750 nm and cell density of
Chlamydomonas reinhardltii.

2.4. ELECTRO-COAGULATION-FLOCCULATION (ECF) EXPERIMENTS

All ECF experiments were carried out at room temperature in a 1 L transparent plexiglass
vessel. The cultures were agitated using a magnetic stirrer at a constant rate of 250 rpm. ECF
was conducted in the galvanostatic mode using a DC generator (Voltcraft HPS-13015,
Germany). Two planar monopolar aluminum electrodes of 52 cm? surface area were used as
anode and cathode and were separated in the beaker by an inter-electrode distance of 1 cm. The
experimental setup is shown in Figure 4. The electrodes were rinsed with acetone and a 0.01
N HCI solution after each use to remove the impurities. To determine the mass of dissolved
aluminum, electrodes were weighed before and after each run. pH was measured by using a pH
meter (Mettler Toledo, Switzerland). In order to investigate the microalgal recovery efficiency,
the optical density of the microalgal suspension of the samples was measured at 750 nm using
a spectrophotometer UV/Visible Biomate 3S (Thermo Fisher Scientific, USA). Microalgal

recovery efficiency (7a (t)) was calculated as follows (equation 4):

Na(t) = (ODe=0— OD¢)/ ODt=0 (eq. 4)

where OD; - is the optical density of the suspension before exposing it to ECF, and OD; is the

optical density of the microalgal suspension at time ¢.

2.5.ZETA POTENTIAL MEASUREMENT
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C-potential manifests the stability of colloidal dispersions. A high (-potential accords stability,
i.e. the microalgal suspension becomes resistant to coagulation. However, when the potential is
low, attractive forces outpace repulsion forces and the dispersion flocculates. So, colloids with
high (- potential (negative or positive) are electrically stabilized, while colloids with low -
potential values are apt to coagulate or flocculate. In this study, {-potential was measured during
the culture and during ECF using a Zetasizer Nano ZS (Malvern, UK) to evaluate the stability
of the microlalgal suspension and determine the mechanism responsible for microalgae

recovery.

2.6. CHEMICAL FLOCCULATION EXPERIMENTS

Chemical flocculation experiments were carried out with chitosan. This bioflocculant was
selected, as it is intensively reported in the literature. For these experiments, the pH of the
microalgal suspension (1 L) was adjusted at 6 using 0.1 M HCI. Then, the suspension was
stirred at 250 rpm. After adding 150 mg of chitosan, stirring was continued for 2 minutes [28].
Finally, the suspension was left to settle for 20 minutes and a sample of the supernatant was

taken to measure its optical density. Each assay was carried out in triplicate.

2.7. RESIDUAL ALUMINUM ANALYSIS

To investigate the extent of microalgal suspension contamination by aluminum cations during
ECF, residual aluminum in the supernatant was measured using a spectrophotometric analysis

based on the aluminum (III)-eriochrome cyanine R complex [29].

2.8. ECF OPERATING COST EVALUATION

ECF operating cost (US $/m?) was calculated as the sum of the costs of consumed electrode
material (CEM) and electrical energy consumption (EEC). CEM was determined as mentioned
before by weighing the electrodes before and after ECF. EEC was calculated in terms of
kWh/m? using equation 5.

EEC (kWh/m’) = U.L.t/V (eq. 5)

where U is the voltage (V), I the electric current (A), t the operating time (h) and V the volume

(L) of microalgal suspension.
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The price of the aluminum electrode material was estimated at 1.7 US $/kg Al, and the price of
electrical power was considered 0.13 US $/kWh. ECF cost was evaluated as follows (equation

6):

ECF cost (US $/m®)= 0.13 - EEC + 1.7 - CEM (eq. 6)

v A
@ ©

(1)

(3)

© © e

Figure 4. Experimental set-up, 1: DC generator; 2: Electrode pair; 3: Electrolytic cell; 4:
Magnetic stirrer.

2.9. RESPONSE SURFACE METHODOLOGY (RSM)

RSM is a combination of mathematical and statistical techniques employed to enhance and
optimize different processes [30]. In this study, RSM was used to design the experiments and
evaluate the microalgal recovery efficiency and ECF operating cost by investigating the
influence of three factors at three levels and three center points. Fifteen experiments were
carried out randomly according to Box-Behnken design (BBD), which is a category of rotatable
or nearly rotatable second-order designs based on three-level incomplete factorial designs. In
this method, appropriate estimation of the first and second-order coefficients of the model has
been carried out by picking out certain points of three level factorial arrangement [31]. The
factors investigated in RSM were initial pH (X1), current density (X2) and ECF operating time

(X3). The coded and real values of these factors are shown in Table 1.
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The general equation of the second order mathematical model used for predicting recovery
efficiency (Y1, %,) and ECF operating cost (Y2, US $/m?) as a function of the factors in Table

1 is presented in equation 7.

Y = aptY aiXitY aiiXiXi+Y aiXi? (eq. 7)

In equation 7, ao is the constant coefficient, a; is the linear coefficient, ajj is the interaction

coefficient and aj; is the quadratic coefficient.

Table 1: Coded and actual values of the variables of the experimental design

Factor Variable Coded levels of variables
-1 0 +1
X1 Initial pH 3 6 9
Xz Current density (mA/cm?) 4.8 9.6 14.4
X3 Time (minutes) 20 40 60

3. RESULTS AND DISCUSSION

3.1. MICROALGAE GROWTH

Monitoring the microalgal growth showed that the microalgal cell concentration reached
1.5x107 cells/mL from an initial cell density of 2.7x10* cells/mL after 14 days of culture. The
evolution of microalgal growth is shown in Figure 5. The curve usually has 5 phases: an
induction or lag phase, an exponential phase, a phase of reduced growth, a stationary phase and
a death phase. In our case, the lag (adaptation) phase in which the microalgal cells were adapting
to their culture medium lasted till the 2" day of culture, the time where the exponential (log)
phase began. The exponential phase in which the microalgal cells increase rapidly, as they are
now adapted to their new culture, lasted from the 2™ day till the 11™ day of culture, where the
log phase started to slow down, due to the decrease of nutrients available for the microalgal
cells at this stage. The stationary phase where the growth of microalgae stabilized started in the
12 day. The culture was interrupted after 14 days to avoid passing into the death phase, which

consequently was not observed in the curve.
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Figure 5. Growth profile of the microalgae Chlamydomonas reinhardtii. Error bars represent
standard deviations.

3.2. Z-POTENTIAL EVOLUTION DURING MICROALGAL GROWTH

C-potential of the microalgal cells was analyzed during the culture. As shown in Figure 6, (-
potential decreased at the onset of the log phase probably due to the increase of the extracellular
organic matter concentration (generated from the photosynthetic activity of the microalgal

cells) [32]. Then, (-potential remained almost constant till the 11"

day of culture (where the
growth of cells started slowing down to enter the stationary phase), where ( negativity started
decreasing, to reach a value of (-9+1) mV at the end of culture. As (-potential value is essential
for keeping the cells stabilized in the suspension, reduced {-potential negativity in the stationary

phase facilitates microalgae recovery.

Zeta potential (mV)

Time (days)

Figure 6. (-potential variation during the culture of Chlamydomonas reinhardtii. Error bars
represent standard deviations.

3.3. ECF PROCESS
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3.3.1. ANALYSIS OF BOX-BEHNKEN DESIGN

In this study, ECF was employed to recover the microalgal cells (Chlamydomonas reinhardtii)
from their culture medium. The initial concentration of microalgae was fixed at 1.5x10° cell/mL
in all experimental runs by diluting the cultures with distilled water. The investigated operating
conditions were: initial pH (3 to 9), current density (4.8 to 14.4 mA/cm?) and ECF operating
time (20 to 60 minutes). Three factors at three levels each were tested with Box-Behnken
response surface to investigate the influence of the independent variables on microalgae
recovery efficiency and ECF operating cost. Table 2 shows the arrangements of the

experiments with the results obtained.

Figure 7 displays the pareto charts of recovery efficiency and ECF operating cost. Figure 8a
shows that the coefficient X»>X3 was not significant on recovery efficiency, so it was disregarded
in the corresponding model. Moreover, Figure 8b shows that the coefficients X1, XXz, XiXs,
X2, and X3? were not significant on ECF operating cost, so they were not included in the ECF

operating cost model.

The response functions with the determined coefficients for both microalgae recovery

efficiency and ECF operating cost are reported in equations 8 and 9, respectively.

Y1 (Recovery efficiency, %) = 48.5 + 7.2X1 + 1.6X2+ 0.7X3 + 0.2X; X2 - 0.02 X X3 - 0.8X% -
0.09X>? - 0.005X;5? (eq. 8)
Y (ECF operating cost, US $/m*)= 0.1 - 0.03X> — 0.004X5 + 0.002X>X3 + 0.002X>?  (eq. 9)
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Table 2. Results of experiments performed by Box-Behnken design with three factors.
Minimum and maximum values are shown in bold.

Run | Initial | Current Time | Recovery | Electrode | Energy | ECF cost
pH density |(minutes)| efficiency | consumed | consumed |(US $/m%)
(mA/cm?) (%) (kg/m®) | (kWh/m?)

1 6 9.6 40 87.0 0.22 2.41 0.69
2 6 4.8 60 82.6 0.17 1.19 0.44
3 9 9.6 60 73.4 0.33 3.66 1.04
4 3 4.8 40 83.3 0.11 0.78 0.29
5 6 4.8 20 75.1 0.05 0.39 0.13
6 6 14.4 20 85.5 0.18 2.40 0.62
7 3 9.6 60 89.0 0.33 3.60 1.03
8 3 14.4 40 84.3 0.35 4.81 1.22
9 9 4.8 40 66.6 0.11 0.82 0.29
10 3 9.6 20 80.2 0.13 1.21 0.38
11 9 14.4 40 76.5 0.33 4.93 1.20
12 6 9.6 40 87.8 0.24 241 0.72
13 9 9.6 20 68.8 0.11 1.26 0.35
14 6 9.6 40 87.5 0.25 241 0.74
15 6 14.4 60 90.0 0.50 7.28 1.80
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Figure 7. Pareto charts of a) microalgae recovery efficiency and b) ECF operating cost.

The predicted values of the responses were obtained by quadratic model fitting techniques for

recovery efficiency and ECF operating cost. The quadratic model fits well, as the experimental

and predicted responses of both recovery efficiency (R*>= 98.77 %) and ECF operating cost (R?
=99.85 %) are close (Figure 8).
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Figure 8. Experimental vs. predicted values of a) recovery efficiency and b) ECF cost.

The obtained results were then analyzed by ANOVA to assess the "goodness-of-fit". The results
of ANOVA of the fitting model for microalgae recovery efficiency and ECF operating cost are
shown in Tables 3 and 4, respectively. Table 3 shows that the coefficients of determination
(R?) and adjusted R? (a modified version of R? that has been adjusted for the number of
predictors in the model) were 98.77 % and 97.13 %, respectively. Moreover, it shows that the
P-value for lack of fit was more than 0.05. This indicates that the quadratic model is able to
describe successfully microalgae recovery efficiency. Table 3 also shows that the linear
coefficients (Xi, Xo, and X3), the interaction coefficients (XiX», Xi1X3), and the quadratic
coefficients (Xi2, X2%, and X3?) had significant effects on microalgae recovery, with low P-
values (P < 0.05). Table 4 shows that the coefficients of determination (R?) and adjusted R?
were 99.85% and 99.79%, respectively, and P-value for lack-of-fit was more than 0.05. This
confirms that the quadratic model is able to describe successfully ECF operating cost. Table 4
also shows that the linear coefficients (X and X3), the interaction coefficient (X2X3) and the
quadratic coefficient (X»?) had significant effects on ECF operating cost, with low P-values (P

<0.05).
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Table 3. Analysis of variance for recovery efficiency.

Source Sum of | Df | Mean Square | F-Ratio | P-Value
Squares
Xi: Initial pH 331.5 1 331.5 2029.8 | 0.0005
X2: Current density 103.0 1 103.0 630.4 | 0.002
X3: Time 80.6 1 80.6 493.7 | 0.0020
Xi? 213.5 1 213.5 1307.2 | 0.0008
X1X2 19.8 1 19.80 121.2 | 0.008
Xi1X3 4.4 1 4.4 27.0 0.04
X2? 17.1 1 17.1 104.9 | 0.009
X5’ 14.5 1 14.5 88.6 | 0.01
Lack-of-fit 9.2 4 2.3 14.1 0.07
Pure error 0.3 2 0.2
Total (corr.) 777.7 14
R?=98.77%
adjusted R? =97.13%
Table 4. Analysis of variance for ECF operating cost.
Source Sum of | Df | Mean Square | F-Ratio | P-Value
Squares
X2: Current density 1.70 1 1.70 7855.4 | 0.0000
X3: Time 1.0 1 1.0 4620.5 | 0.0000
X2X3 0.2 1 0.2 873.4 | 0.0000
Xo? 0.007 1 0.007 34.1 0.001
Lack-of-fit 0.003 4 0.0008 3.7 0.09
Pure error 0.001 6 0.0002
Total (corr.) 2.90 14
R2=99.85 %
adjusted R? = 99.79 %

3.3.2. ASSESSMENT OF MODELS’ VALIDITY

Residuals were used to investigate graphically the adequacy of the models used to describe

recovery efficiency and operating cost. Residuals are unexplained variations by model and they
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are normally distributed, if the model is a suitable predictor. Figures 9a and 9b show normal
probability plots of residuals for recovery efficiency and EC cost. As shown in these figures,
the points in normal plot of residuals fit well a straight line, so the residuals are nearly normally
distributed. Figures 10a and 10b show residuals versus fit plots for recovery efficiency and
ECF operating cost. The residuals, as shown, are randomly distributed and do not follow any

specific pattern. Therefore, the two models are valid.
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Figure 9. Normal probability plots of residuals for: a) Recovery efficiency and b) ECF
operating cost.
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Figure 10. Residuals vs. fit plots for: a) Recovery efficiency, b) ECF operating cost.

3.3.3. INFLUENCE OF INDEPENDENT VARIABLES ON RECOVERY
EFFICIENCY AND ECF OPERATING COST
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3.3.3.1. THE INTERACTION EFFECT OF CURRENT DENSITY AND
ECF OPERATING TIME

Figure 11a shows the effect of current density and ECF operating time on recovery efficiency
of microalgae at pH; 6. As seen in this figure, recovery efficiency increased with the increase
of both current density and operating time. The same result was also found at different values
of the operating parameters. For example, at constant ECF operating time and initial pH (t = 40
minutes, pH; 9), the recovery efficiency increased from 66.6% to 76.5% as current density
increased from 4.8 mA/cm? to 14.4 mA/cm?, and at constant current density and initial pH
(current density 9.6 mA/cm?, pH; 9), increasing operating time from 20 minutes to 60 minutes
increased recovery efficiency from 68.8% to 73.4%. Higher harvesting efficiency at higher
current density can be explained based on Faraday’s law which implies that the amount of metal
dissolved is nearly proportional to current density, but not exactly proportional, as the faradaic
yield measured at the end of each run on the basis of electrode mass loss slightly decreases as
current increases. Therefore, current density has a direct influence on the anode dissolution rate
and on Al dosage, which strongly influences the performance of the ECF process [33].
Moreover, current density governs the speed and the amount of hydrogen gas produced at the
cathode [34]. As the amount of hydrogen gas released increases, the recovery efficiency of
microalgae by flotation increases. Higher recovery efficiency at longer ECF operating time is
also explained by Faraday’s law which implies that increasing operating time increases the mass
of aluminum oxidized [35], and thus, recovery efficiency increases. Our results are consistent
with those of Tak et al. [36], who found that the maximum removal of color and COD from
livestock wastewater was at the highest current density of 30 mA/cm? and longest operating

time of 30 minutes.

Figure 11b shows the effect of current density and time on ECF operating cost at pH; 6. As
shown in this figure, ECF cost increased with the increase of both current density and time. The
same result was also found at different levels of the operating parameters. For example, at
constant ECF operating time and initial pH (t = 60 minutes, pH; 6), increasing current density

from 4.8 mA/cm? to 14.4 mA/cm? increased EC cost from 0.13 US $/m? to 1.8 US $/m°.

According to Table 4, the linear and quadratic effects of current density, the linear effect of
operating time as well as the effect of interaction between time and current density are
significant on ECF operating cost (p<0.05). ECF cost increase at higher current densities and
longer operation time is due to higher electrical energy consumption and higher electrode

consumption under such conditions.
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Figure 11. Three dimensional representations of the effects of time and current density on a)
recovery efficiency and b) ECF cost, at initial pH 6.

3.3.3.2. THE INTERACTION EFFECT OF INITIAL pH AND CURRENT
DENSITY

Figure 12a depicts the effect of initial pH and current density on recovery efficiency of
microalgae at 40 minutes operating time. The recovery efficiency decreased at high and low
pHi values and with the decrease of current density at alkaline pH values. Table 3 shows that
the linear effect of current density and time, their interaction effect, and the quadratic effect of
each is significant on recovery efficiency (P<0.05). The highest and lowest recovery efficiency
obtained at pH; 6 and pH; 9, respectively is due to the fact that different aluminum species are
formed at different pH values. In fact, at pH<4, Al(H20)s>" species dominate. As pH increases,
polymeric aluminum hydroxide cations such as Alg(OH)is**, Al;(OH)17*, Als(OH)0*",
Al;304(OH)s4"™*, and Ali;3(OH)s4°" become the dominant species [37]. At slightly acidic to
neutral pH values, insoluble AI(OH)s¢) species which are strong adsorbents prevail, and
microalgae separation takes place mainly by adsorption and neutralization. However, in
alkaline media, AI(OH)4™ species which are weak coagulants prevail and microalgae separation

in this case is accomplished by sweeping flocculation [5].

Figure 12b shows the effect of initial pH and current density on ECF operating cost at 40
minutes operating time. It is clear from this figure that ECF operating cost increased with the

increase of current density regardless of pH; value.
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Figure 12. Three dimensional representations of the effects of current density and initial pH
on a) recovery efficiency and b) ECF cost, at time 40 minutes.

3.3.3.3. THE INTERACTION EFFECT OF TIME AND INITIAL pH

Figure 13a displays the effect of ECF operating time and initial pH on the recovery efficiency
of microalgae at current density 9.6 mA/cm?. Recovery efficiency increased with the increase
of operating time; however, it decreased drastically at the alkaline pH; of 9, where it reached
68.8% at current density 9.6 mA/cm? and 20 minutes operating time. In addition to that, Table
3 shows that the linear effects of time and initial pH, in addition to their interaction and

quadratic effects are significant on microalgae recovery efficiency (P<0.05).

Figure 13b depicts the effect of initial pH and operating time on ECF operating cost at current
density 9.6 mA/cm?. In fact, ECF operating cost increased with the increase of operating time
whereas pH; did not have any significant effect on ECF cost. Higher ECF operating cost at

longer operation time is due to higher electrical energy consumption and higher electrode

consumption, according to equation 10.
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Figure 13. Three dimensional representations of the effects of operating time and initial pH
on a) recovery efficiency and b) ECF cost at current density 9.6 mA/cm?.

3.3.4. RECOVERY KINETICS AND Z-POTENTIAL EVOLUTION DURING ECF

To investigate the kinetics of Chlorella vulgaris recovery, first-order (equation 10) and second
order (equation 11) kinetic models were fitted to experimental results at current densities 4.8
mA/cm?, 9.6 mA/cm? and 14.4 mA/cm?. Experimental data fit better second-order kinetics

(with higher R? values), as shown in Figure 14.
In(Cy /C) = k(t —ty) (eq. 10)

2ol k(t—ty) (eq. 11)
Co

Ct
C-potential was measured at the conditions which resulted in maximum recovery efficiency of
C. Reinhardtii (pH; 6, current density 14.4 mA/cm? and operating time 60 minutes) to assess
the mechanism of recovery at these conditions. Figure 15 shows (-potential evolution with time
during ECF. As shown in the figure, {-potential increased with time to reach zero after 60
minutes. operating time. This result indicates that the mechanism responsible for microalgae

recovery at pH; 6 is charge neutralization.
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Figure 14. Fitting of a) first-order kinetic models and b) second-order kinetic models to
experimental data at different current densities. Initial pH 6, operating time 60 minutes.

Zeta potential (mV)
> & IS
HO-

—o—

-12

Time (min)

Figure 15. {-potential evolution with time. Current density 14.4 mA/cm?, initial pH, time 60
minutes.

3.3.5. COMPARISON OF ECF WITH CHEMICAL FLOCCULATION

Chemical flocculation experiments using chitosan were conducted and the results were
compared to those obtained with ECF. As Figure 16 shows, the recovery efficiency was higher
(90+1)% with ECF at pH; 6, current density 14.4 mA/cm? and operating time 60 minutes) than
with chitosan (85+1)%. In addition to the better recovery efficiency of C. reinhartii with ECF

in this study, it should be noted that only 4.7 mg/L residual aluminum existed at the end of ECF,
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which corresponds to less than 1% of the aluminum that should have dissolved under the studied
conditions. This result is interesting and displays that ECF is more appropriate than chemical
coagulation in order to avoid culture contamination, as inorganic coagulants, including alum
and iron chloride, contaminate growth media with high levels of aluminum or iron [38]. The
contaminated growth medium could not be used again, leading to an environmental problem
and a considerable water loss. Organic polymer/polyelectrolyte flocculants, such as cationic
starch and chitosan, are not toxic and do not contaminate growth media. However, they are
expensive of about 10 US § per kilogram for chitosan [39]. In our study, recovery cost ranged
from 0.13 to 1.8 US $/m?, which is much less than a cost of 15 US $/m? estimated with chitosan

flocculation.

As a conclusion, we can say that ECF is a preferred microalgae recovery technique, as it does

not cost much and contaminates less the growth medium.

100
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Figure 16. Comparison between ECF and flocculation with chitosan for Chlamydomonas
reinhardtii recovery. Error bars represent standard deviations.

4. CONCLUSION

In the present study, response surface methodology (RSM) was employed as an experimental
design tool to explain the effect of the main operating parameters and their interactions on the
recovery efficiency of Chlamydomonas reinhardtii from the culture medium by ECF and
estimate the operating costs. For this purpose, the effects of three major variables including

initial pH, current density and ECF operating time were evaluated. The results showed that the
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recovery efficiency, which reached 90.0% at pH; 6, current density 14.4 mA/cm? and operating
time 60 minutes, was significantly affected by all the investigated variables, whereas ECF
operating cost, that ranged from 0.13 to 1.8 US $/m?, was only significantly influenced by
current density and operating time. Two statistically significant models were developed for

predicting recovery efficiency and ECF operating cost from RSM methodology.

Zeta potential increase with time depicts that charge neutralization is the mechanism
responsible for microalgae recovery, with a rate following the second-order kinetics. Finally,

ECF was proven to be more efficient than chemical flocculation with chitosan.

REFERENCES

1. A.L. Barros, A.L. Gongalves, M. Simdes, J.C.M. Pires, Harvesting techniques applied to
microalgae: A review, Renewable and Sustainable Energy Reviews. 41 (2015) 1489-1500.

2. P. Das, M.I. Thaher, M.A.Q.M. Abdul Hakim, HM.S.J. Al-Jabri, G.S.H.S. Alghasal,
Microalgae harvesting by pH adjusted coagulation-flocculation, recycling of the coagulant and
the growth media, Bioresource Technology. 216 (2016) 824-829.

3. S. Wang, J. Zhu, L. Dai, X. Zhao, D. Liu, W. Du, A novel process on lipid extraction from
microalgae for biodiesel production, Energy. 115, Part 1 (2016) 963—968.

4. HM.-G. Maleki, M. Almassi, M. Hejazi, S. Minaei, Harvesting of microalgae by electro-
coagulation-flocculation for biodiesel production: an investigation of the effect of operational
parameters and forecast model using response surface methodology, Journal of Biosciences. 4
(2014) 258-269.

5. A. Golzary, S. Imanian, M.A. Abdoli, A. Khodadadi, A. Karbassi, A cost-effective strategy
for marine microalgae separation by electro-coagulation—flotation process aimed at bio-crude

oil production: Optimization and evaluation study, Separation and Purification Technology.
147 (2015) 156-165.

6. T. Ndikubwimana, X. Zeng, N. He, Z. Xiao, Y. Xie, J.-S. Chang, L. Lin, Y. Lu, Microalgae
biomass harvesting by bioflocculation-interpretation by classical DLVO theory, Biochemical
Engineering Journal. 101 (2015) 160-167.

7. N. Uduman, V. Bourniquel, M.K. Danquah, A.F.A. Hoadley, A parametric study of
electrocoagulation as a recovery process of marine microalgae for biodiesel production,
Chemical Engineering Journal. 174 (2011) 249-257.

8. S. Lama, K. Muylaert, T.B. Karki, I. Foubert, R.K. Henderson, D. Vandamme, Flocculation
properties of several microalgae and a cyanobacterium species during ferric chloride, chitosan
and alkaline flocculation, Bioresource Technology. 220 (2016) 464—470.

9. S. Garg, L. Wang, P.M. Schenk, Flotation separation of marine microalgae from aqueous
medium, Separation and Purification Technology. 156, Part 2 (2015) 636—641.

148



10. A.J. Dassey, C.S. Theegala, Harvesting economics and strategies using centrifugation for
cost effective separation of microalgae cells for biodiesel applications, Bioresource
Technology. 128 (2013) 241-245.

11. C. Nurra, E. Clavero, J. Salvadd, C. Torras, Vibrating membrane filtration as improved
technology for microalgae dewatering, Bioresource Technology. 157 (2014) 247-253.

12. A. Guldhe, R. Misra, P. Singh, I. Rawat, F. Bux, An innovative electrochemical process to
alleviate the challenges for harvesting of small size microalgae by using non-sacrificial carbon
electrodes, Algal Research. 19 (2016) 292-298.

13. N.R. Neti, R. Misra, Efficient degradation of Reactive Blue 4 in carbon bed electrochemical
reactor, Chemical Engineering Journal. 184 (2012) 23-32.

14. M.K. Mbacké, C. Kane, N.O. Diallo, C.M. Diop, F. Chauvet, M. Comtat, T. Tzedakis,
Electrocoagulation process applied on pollutants treatment- experimental optimization and

fundamental investigation of the crystal violet dye removal, Journal of Environmental Chemical
Engineering. 4 (2016) 40014011.

15. M. Kobya, E. Demirbas, F. Ulu, Evaluation of operating parameters with respect to charge
loading on the removal efficiency of arsenic from potable water by electrocoagulation, Journal
of Environmental Chemical Engineering. 4 (2016) 1484—1494.

16. B. Palahouane, N. Drouiche, S. Aoudj, K. Bensadok, Cost-effective electrocoagulation
process for the remediation of fluoride from pretreated photovoltaic wastewater, Journal of
Industrial and Engineering Chemistry. 22 (2015) 127-131.

17. S. Elabbas, N. Ouazzani, L. Mandi, F. Berrekhis, M. Perdicakis, S. Pontvianne, M.-N. Pons,
F. Lapicque, J.-P. Leclerc, Treatment of highly concentrated tannery wastewater using
electrocoagulation: Influence of the quality of aluminum used for the electrode, Journal of
Hazardous Materials. 319 (2016) 69-77.

18. V. Khandegar, A K. Saroha, Electrocoagulation for the treatment of textile industry effluent
— A review, Journal of Environmental Management. 128 (2013) 949-963.

19. S. Gao, J. Yang, J. Tian, F. Ma, G. Tu, M. Du, Electro-coagulation—flotation process for
algae removal, Journal of Hazardous Materials. 177 (2010) 336-343.

20. C.G. Alfafara, K. Nakano, N. Nomura, T. Igarashi, M. Matsumura, Operating and scale-up
factors for the electrolytic removal of algae from eutrophied lakewater, Journal of Chemical
Technology and Biotechnology. 77 (2002) 871-876.

21. G. Azarian, A. Mesdaghinia, F. Vaezi, R. Nabizadeh, D. Nematollahi, Algae removal by
electro-coagulation process, application for treatment of the effluent from an industrial
wastewater treatment plant, Iranian Journal of Public Health. 36 (2007) 57—-64.

22. K. Kiiciik, R. Tevatia, E. Sorgiiven, Y. Demirel, M. Ozilgen, Bioenergetics of growth and
lipid production in Chlamydomonas reinhardtii, Energy. 83 (2015) 503-510.

23. M. Erculiani, R. Claudi, L. Cocola, E. Giro, N. La Rocca, T. Morosinotto, L. Poletto, D.
Barbisan, D. Billi, M. Bonato, Atmospheres in a test tube: state of the art at the Astronomical
Observatory of Padova, Memorie Della Societa Astronomica Italiana. 87 (2016) 112.

149



24. Z.-Z. He, H. Qi, M.-J. He, L.-M. Ruan, Experimental research on the photobiological
hydrogen production kinetics of Chlamydomonas reinhardtii GY-DS55, International Journal of
Hydrogen Energy. 41 (2016) 15651-15660.

25. K. Skjanes, C. Rebours, P. Lindblad, Potential for green microalgae to produce hydrogen,
pharmaceuticals and other high value products in a combined process, Critical Reviews in
Biotechnology. 33 (2013) 172-215.

26. M.A. Scranton, J.T. Ostrand, F.J. Fields, S.P. Mayfield, Chlamydomonas as a model for
biofuels and bio-products production, The Plant Journal. 82 (2015) 523-531.

27.].-F. Cornet, A. Marty, J.-B. Gros, Revised technique for the determination of mean incident
light fluxes on photobioreactors, Biotechnology Progress. 13 (1997) 408—415.

28. T. Chatsungnoen, Y. Chisti, Harvesting microalgae by flocculation—sedimentation, Algal
Research. 13 (2016) 271-283.

29. W. Siriangkhawut, S. Tontrong, P. Chantiratiku, Quantitation of Aluminum Content in
Waters and Soft Drinks by Spectrophotometry Using Eriochrome Cyanine R, Research, Journal
of Pharmaceutical, Biological and Chemical Sciences. 4 (2013) 1156-1161.

30. E. Gengec, M. Kobya, E. Demirbas, A. Akyol, K. Oktor, Optimization of baker’s yeast
wastewater using response surface methodology by electrocoagulation, Desalination. 286
(2012) 200-209.

31. H. Rubi-Juarez, C. Barrera-Diaz, I. Linares-Hernandez, C. Fall, B. Bilyeu, A Combined
Electrocoagulation-Electrooxidation Process for Carwash Wastewater Reclamation,
International Journal of Electrochemical Science. 10 (2015) 6754—6767.

32. H. Konno, Settling and Coagulation of Slender Type Diatoms, Water Science &
Technology. 27 (1993) 231-24.

33. M. Kumar, F.ILA. Ponselvan, J.R. Malviya, V.C. Srivastava, [.D. Mall, Treatment of bio-
digester effluent by electrocoagulation using iron electrodes, Journal of Hazardous Materials.
165 (2009) 345-352.

34. C.P. Nanseu-Njiki, S.R. Tchamango, P.C. Ngom, A. Darchen, E. Ngameni, Mercury(II)
removal from water by electrocoagulation using aluminum and iron electrodes, Journal of
Hazardous Materials. 168 (2009) 1430-1436.

35. F. Akbal, S. Camci, Copper, chromium and nickel removal from metal plating wastewater
by electrocoagulation, Desalination. 269 (2011) 214-222.

36.B. Tak, B. Tak, Y. Kim, Y. Park, Y. Yoon, G. Min, Optimization of color and COD removal
from livestock wastewater by electrocoagulation process: Application of Box—Behnken design
(BBD), Journal of Industrial and Engineering Chemistry. 28 (2015) 307-315.

37. P. Caiiizares, F. Martinez, C. Jiménez, J. Lobato, M.A. Rodrigo, Coagulation and
electrocoagulation of wastes polluted with dyes, Environmental Science & Technology. 40
(2006) 6418-6424.

38. H.-M. Oh, S.J. Lee, M.-H. Park, H.-S. Kim, H.-C. Kim, J.-H. Yoon, G.-S. Kwon, B.-D.
Yoon, Harvesting of Chlorella vulgaris using a bioflocculant from Paenibacillus sp. AM49,
Biotechnology Letters. 23 (2001) 1229-1234.

150



39. D. Vandamme, 1. Foubert, B. Meesschaert, K. Muylaert, Flocculation of microalgae using
cationic starch, Journal of Applied Phycology. 22 (2010) 525-530.

151



CHAPTER 6: HARVESTING OF MICROALGAE CHLORELLA
VULGARIS USING ELECTRO-COAGULATION-
FLOCCULATION IN THE BATCH MODE

This article is published in Algal Research. Consequently, it follows the guidelines of this
journal.

FAYAD Nidal, YEHY A Tania, AUDONNET Fabrice, VIAL Christophe.
Harvesting of microalgae Chlorella vulgaris using electro-coagulation, volume 25, pages 1-11.

ABSTRACT

The aim of this study was to evaluate the harvesting of microalgae Chlorella vulgaris by
electro-coagulation-flocculation (ECF) using aluminum and iron electrodes, assess the
mechanisms responsible for microalgae recovery, quantify the metal contamination in the
effluent and biomass, analyze power requirements, and investigate the effect of ECF on lipid
and pigment content in the biomass. The influence of six operating parameters (electrode
material, sedimentation time, current density, stirring speed, initial pH (pH;) and inter-electrode
distance) on the harvesting efficiency was tested. A specific strategy involving flotation and
pH-controlled ECF experiments was developed to identify the prevailing mechanism of
harvesting: adhesion on flocs was shown to be negligible; flotation contributed to a maximum
of 36.6% of microalgae recovery; zeta potential highlighted that the main mechanism
responsible for microalgae recovery was charge neutralization at pH; 4.0 and 6.0, and sweep
flocculation at pH; 8.0. The most energy saving conditions for the harvesting of Chlorella
vulgaris involved aluminum electrodes, and 60 min. electrolysis with a current density of 2.9
mA/cm?, pH; 4.0, stirring speed 250 rpm and an inter-electrode distance of 1.0 cm. Economic
and competitive energy input (1.0 kWh/kg microalgae) could be achieved by adding 1.5 g/L
NaCl. In addition, ECF did not affect significantly the amount of microalgal lipids and

pigments.

Keywords: microalgae harvesting, electro-coagulation-flocculation, batch mode, microalgal

pigments, microalgal lipids
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1. INTRODUCTION

Microalgae are promising resources for bio-fuel production, as they are not exposed to many
of the inconveniences of 1 and 2" generation bio-fuels [1]. These microorganisms produce
oils by photosynthesis and are approved worldwide as a source of biodiesel that can satisty the
global need for renewable and green fuels [2]. They can also play a key role in alleviating the
effects of anthropic pollution. For example, they can capture CO> to reduce atmospheric
pollution and reduce the effects of global warming and climate change. In addition to lipids as
an energy source, microalgae are also able generate coproducts of great pertinence to the food,

pharmaceutical, and the chemical industries, such as proteins, pigments and polysaccharides
[3].

One the challenges of 3™ generation bio-fuels based on microalgal biomass is to effectively
recover the tiny microalgal cells from highly dilute solutions [4]. Regarding the small size of
these cells (5-30 pum), their physical separation from the culture medium using filtration
techniques is difficult. Many separation processes have been proposed for recovering
microalgae, such as centrifugation [5], flocculation [6, 7], filtration [&], flotation [9, 10],
ultrasound [11], pH adjustment (at high pH about 11.0 [12]), and electrolysis [4]. Centrifugation
is a typical method that is widely used for harvesting microalgae, but it is time consuming,
complex and expensive [13]. Concentrating microalgae 30-50 times by coagulation-
flocculation and gravity sedimentation before applying centrifugation, strongly lowers the
energy demand for harvesting [14, 15]. In filtration process, filter clogging is the most common
issue in harvesting of microalgae; clogging considerably raises head loss and needs frequent
maintenance [16]. Alternatively, coagulation-flocculation requires flocculating agents, but
these may have associated environmental impacts, as these flocculating agents in excess may
directly cause secondary pollution, or act indirectly through the formation of by-products.
Another disadvantage is the possibility of changing the profile of biomass fatty acids, in this

case the type of flocculating agent determines the extent of this change [3].

Some new studies have proposed economic techniques for the recovery of microalgae as
substitutes to flocculation and centrifugation, which are the conventional methods of recovery,
but are too energy intensive. For example, Xu et al. [17] worked on the harvesting of two
microalgae species using Fe3Os and found that it is possible to regenerate and use these
nanoparticles. Vandamme et al. [18] also worked on a pre-concentration method, called auto-

flocculation, in which increasing pH till 11.0 caused flocculation as a result of magnesium
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precipitation. Other research studies investigated the implementation of microbial flocculants

as substitutes for the known conventional chemicals [19, 20].

An alternative technique consisted in recovering marine microalgae using electrolysis-based
coagulation and flotation methods that markedly decreased the electric energy consumption
[21]. Actually, several studies investigated the use of electro-coagulation-flocculation (ECF)
for the elimination of microalgae from drinking and wastewater [22-24]. In fact, the use of ECF
for recovering microalgal biomass has been intensively evaluated in these papers; however,
microalgal densities were much lower than those found in microalgal production systems [4].
Even though ECF has been reported to be adequate for harvesting microalgae cultivated for
bio-fuel production, another key issue is that the mechanisms of microalgae harvesting by ECF
are less precisely established than in centrifugation. Compared to coagulation-flocculation with
Fe’" or AI** salts, ECF has the advantage that no counter anions, such as chlorides and sulfates,
are added to water. The drawback is that ECF requires the electrolytic dissolution of the
sacrificial anode, which requires electric power. As a result, electrolytic reactions occur both at
the anode and the cathode during ECF [4]. Using an aluminum anode, one gets:

Al AP + 3¢
XAP" + yOH — Al(OH),*"

The speciation of the aluminum hydroxides formed during ECF is extremely variable and is
greatly affected by pH [4], but Al(OH)3; and AIOOH precipitates dominate when pH is between
4.0 and 10.0. Using an iron anode, the same behaviour can be observed, with the particularity
that Fe (II) and Fe (III) species can be obtained [25]:

Fe — Fe?™+ 2¢

Fe?" + 20H — Fe(OH)y)

or

Fe— Fe*' + 3¢

Fe’" + 30H" —Fe(OH)s(s)

The precipitation of metal hydroxide plays the same role as in conventional coagulation: first,
charge neutralisation by cations, and then sweep coagulation due to precipitation and floc
formation (which means an enmeshment in the precipitate). But another major advantage of
ECEF is that water reduction at the cathode prevents pH decrease and releases H» in the form of
tiny microbubbles, which promotes the flotation of the flocs formed by precipitated hydroxides,

leading to a combined coagulation-flotation mechanism for harvesting microalgae.

154



Finally, the purpose of this work is to investigate the applicability and the pros and cons of
the harvesting of microalgae Chlorella vulgaris from its culture medium using electro-
coagulation-flocculation. For this purpose, the influence of the most important operating
variables of the ECF process on the harvesting efficiency will be evaluated and power
requirements will be estimated. The respective effects of the various mechanisms able to favor
microalgae harvesting in ECF will assessed, while the impact of ECF on microalgal lipid and
pigment contents will be measured. Finally, the pollution of microalgal biomass and process

water by metal cations dissolved from the sacrificial anode will also be estimated.

2. MATERIALS AND METHODS

2.1. MICROALGAL SPECIES (CHLORELLA VULGARIS)

All the experiments were performed with the freshwater chlorophyte Chlorella vulgaris
(Figure 1), which is a spherical microscopic cell of 2—10 um diameter. C. vulgaris is an
interesting species for the production of microalgal biomass for food, pharmaceuticals,
cosmetics or bio-fuel, and is presently thoroughly studied. Chlorella vulgaris biomass was
kindly provided by Algosource Technologies (France). Experiments were performed using a
modified Bold Basal Medium with 3-fold nitrogen and vitamins (3N-BBM+V) prepared from
pure chemicals dissolved in distilled water to simulate culture conditions of Chlorella vulgaris.
For 1.0 L medium, the following components were added: 0.75 g NaNOs3, 0.025 g CaCl»>.2H,0,
0.075 g MgS04.7H20, 0.075 g K2HPO4.3H20, 0.175 g KH2PO4, 0.025 g NaCl, 6.0 mL of trace
elements solution, 1.0 mL of both vitamin B1 and vitamin B12.

The trace elements solution was prepared by adding to 1000 mL distilled water, 0.75 g
Na;EDTA and the minerals in exactly the following sequence: FeCl3 6H,0 (97.0 mg), MnCl
4H,0 (41.0 mg), ZnCl (5.0 mg), CoCl, 6H>0 (2.0 mg) and Na;MoO4 2H>0 (4.0 mg). Vitamin
B1 was prepared by dissolving 0.12 g thiaminhydrochloride in 100.0 mL distilled water and,
then, filtered sterilely. Vitamin B12 was prepared by dissolving 0.1 g cyanocobalamin in 100.0
mL distilled water; then, 1.0 mL was taken from this solution and added to 99.0 mL distilled
water and, finally, the solution was filtered sterilely. The ECF experiments were carried out at

a microalgal concentration of approximately 0.5 g/L.
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Figure 1. Microscope image of the microalgae species, Chlorella vulgaris at x100
magnification.

2.2. ECF EXPERIMENTS

All ECF experiments were carried out at room temperature in a vessel filled with 1.0 L
microalgal broth, and agitation was carried out by a magnetic stirrer at a constant agitation
speed of 250 rpm. ECF was conducted in the galvanostatic mode by the help of a 30.0 V-10.0
A generator (ELC, France), while the cell voltage (U) was recorded (it ranged from 14.0 V to
29.5 V depending on the operating conditions) in order to calculate the electric energy
consumption. The experimental setup is shown in Figure 2. Monopolar aluminum or iron
rectangular electrodes of identical dimensions (8.0 cmX6.5 cm), were used as anode and
cathode material. Electrodes were rinsed with acetone and a 0.01 N HCI aqueous solution to
eliminate deposits, and then weighed before and after each experimental run. pH was measured
by using a pHmeter (Mettler Toledo, Switzerland). Flotation of the flocs containing microalgae
appears as the main mechanism of harvesting in Figure 2. This originated from the release of
H: gas at the cathode and, to a lesser extent, O gas at the anode.

To evaluate the harvesting efficiency of microalgal biomass, 10.0 mL samples were taken at
different time (7) during the ECF process below the froth layer enriched in inorganic flocs and
microalgae. These samples contained, however, solid particles and microalgae that could either
settle to the bottom or float to the surface of the sample tube. The efficiency of microalgae

recovery (17.) was determined after settling based on the reduction in optical density OD of the
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microalgal suspension measured at 550 nm with a UV—Vis spectrophotometer (Jenway, UK),
as follows:
OD,_,—-0OD

t — t=0 t
n,(0) oD,

=
where OD;=¢ is the optical density of the suspension before ECF, and OD; is the optical density

of the suspension at time .

To analyze the mechanism of microalgal recovery, zeta potential was measured using a
Zetasizer Nano ZS (Malvern, UK), as this parameter estimates the electrostatic repulsion
between colloids. To assess the role of flocculation, similar experiments were conducted using
indissoluble titanium electrodes that only release H> by water reduction at the cathode and O>

by water oxidation at the anode.

Anode = Cathode

Electrocoagulati

Magnetic
bar-stirrer

G) . +————  Magnetic stirrer

Figure 2. Sketch of experimental set-up and picture illustrating microalgae flotation during
ECF experiments.

2.3. ALUMINUM ANALYSIS IN THE RECOVERED MICROALGAE AND
IN WATER

To evaluate the extent of pollution of the microalgal biomass and of water by aluminum cations
liberated from the sacrificial anode, the content of soluble metal both in harvested microalgae,
and in the supernatant recovered after ECF was determined. For example, Al content was
measured using a spectrophtometric analysis based on the aluminum (III)-eriochrome cyanine
R complex [26]. For microalgal biomass, the procedure consisted first in calcinating the sample
in a furnace at 550°C during 20.0 hrs. until ash was formed before analyzing ash. These ashes
were then dissolved in 1.0 mL concentrated nitric acid and transferred to 25.0 mL volumetric

flask, then made up the volume with distilled water. After that, samples were transferred into
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polyethylene bottles and stored at 4.0°C until further analysis. The metal content in these

samples were, then, analyzed, as previously described.

2.4. EXTRACTION AND QUANTIFICATION OF TOTAL LIPIDS

Microalgal biomass was gathered, first, by skimming the surface of the beaker after the end of
ECF; this was freeze-dried for dewatering. For experimental control, microalgal biomass that
was not subjected to ECF experiments was harvested by centrifugation and freeze-dried. For
ECF and control samples, lipid extraction was performed by Bligh and Dyer method [27].
Hemolysis tubes were dried at 60.0°C for 2.0 hrs.; these tubes were, then, successively labelled,
weighed using a precision balance and placed in a dessicator. In each tube, the subsequent
addition of 0.5 g of grinded sample, 4.0 mL chloroform, 2.0 mL methanol and 1.0 mL distilled
water was carried out for extracting lipids. Three phases appeared:

e a light phase consisting of methanol on the top, which contained the water-soluble products

(carbohydrates and phenolic components);
¢ an intermediate phase containing the powder;

e a heavy phase consisting of chloroform which contained the lipids.

Then, vortexing and subsequent centrifugation at 2000g for 10 min. were applied. The heavy
phase was collected and concentrated in a vacuum concentrator (7Thermo Fisher Scientific,
USA) for at least 2.5 hrs. at 40.0°C. Finally, the final product was weighed, the mass
corresponding to the lipid fraction. As a result, the percentage of lipids in the biomass was

determined per gram of dried biomass.

2.5. EXTRACTION AND QUANTIFICATION OF PIGMENTS

Pigments were extracted from ground microalgae (50.0 mg) using 4.0 mL of 80% acetone and
sonication. After extraction, the supernatant was gathered by centrifugation. The process was
repeated until the supernatant showed no color. Pigments content was quantified by
spectrophotometry using a Biomate 3S spectrophotometer (7Thermo Fisher Scientific, USA).
The following equations involving the absorbance A4x measured at wavelength x (in nm) were
used to estimate the concentrations of three pigments, namely, chlorophyll A (Cq), chlorophyll

B (C»), and carotenoids (C.) [28], as follows:
C,=1221-4,,-2.81- Ay,

C,=20.13- 4., —5.03- A,
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C. =(1000- 4,,,-3.27-C,-104-C, /198

Control and ECF samples were treated similarly.

2.6. STATISTICAL ANALYSIS

All experiments were carried out in triplicate. The results are expressed as the mean of three
independent replicates with error bars representing the standard deviation for each set of
conditions. For the analysis of the influence of the factors, either t-test or one-way ANOVA
were used, depending on the number of means to be compared. For statistical hypothesis testing,

the significance level was 0.05.

3. RESULTS AND DISCUSSION

3.1. INFLUENCE OF STIRRING SPEED AND OF SEDIMENTATION
TIME

Mixing may improve the recovery efficiency of microalgae harvesting by improving contact
rates between the coagulants and the microalgal cells in ECF process [29]. In this work, three
stirring speeds were tested (100 rpm, 250 rpm and 400 rpm). Experimental data displayed in
Figure 3 shows that the highest recovery efficiency (99 + 1)% after 60 min. of electrolysis was
achieved at the stirring speed 250 rpm when pH; 8.0, current density is 6.7 mA/cm?, and inter-
electrode distance is 1.0 cm, using aluminum electrodes. However, after the same electrolysis
time, (93 £ 1)% and (96 = 1)% recovery efficiencies were obtained for stirring speeds of 400
rpm and 100 rpm, respectively. ANOVA analysis shows that there is a significant recovery
efficiency difference when using different stirring speeds (p<0.05). These results could be
explained by the fact that increasing stirring speed increases the contact probability between
coagulants and microalgae and, hence, increases microalgae recovery. However, when the
stirring speed becomes higher than a certain threshold, this causes the break-up of microalgal
flocs due to the high shear forces applied, and thus, recovery efficiency decreases again [4].
The data in Figure 3 are consistent with Maleki et al. [30], who found that by increasing stirring
speed from 0 to 200 rpm, the recovery efficiency increased from 91% to 97%, but when further
increasing the speed from 200 to 400 rpm, the recovery efficiency decreased from 97 to 94%.
These results also agree with those from Vandamme et al. [4], who showed that for an increase

in stirring speed from 0 to 60, and finally to 150 rpm, the time required to destabilize the
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microalgal suspension decreased by almost a factor of two, but that at the maximum stirring

speed of 200 rpm, destabilization was delayed.

As the same conclusion was made using iron electrodes and various current density values,

a stirring speed of 250 rpm was used in the subsequent experiments.

100
90 -
80 -
70 -
60 -
50 -

—o—100 rpm

Recovery efficiency (%)

40 -
—&—250 rpm
30 -
20 - 400 rpm
10 - 22,
0 ".' T T T T T T
0 10 20 30 40 50 60 70

Time (min)

Figure 3. Microalgae recovery efficiency as a function of stirring speed. Conditions: Al
electrodes, pHi 8.0, current density 6.7 mA/cm?, inter-electrode distance 1.0 cm, electrolysis
time 60 minutes. Error bars represent standard deviations.

In Figure 3, the efficiency values correspond to measurements carried out after 45 min settling.
Actually, when the samples were collected, the destabilization of the microalgal suspension
continued after sampling. Contrary to the ECF cell in which flotation was the main mechanism
of harvesting, settling prevailed in the collected water samples. The influence of settling time
is illustrated in Table 1, both for iron and aluminum electrodes. A significant effect was
evidenced for both metals (p<0.05); ongoing destabilization after sampling caused a significant
increase in recovery efficiency, as 7, increased with settling time both with aluminum and iron
electrodes. This could be explained by the fact that the contact between dissolved metal
hydroxides and microalgal cells continues after sampling and also because more time is
required for the smaller flocs to sediment [4]. As a conclusion, Table 1 justifies why 45 min.

settling were always applied after ECF process.

Table 1. Microalgae recovery efficiency as a function of settling time using Al and Fe
electrodes. Conditions: Current density 6.7 mA/cm?, pH; 8.0, stirring speed 250 rpm, inter-
electrode distance 1.0 cm, electrolysis time 60 minutes.
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Electrode material | Settling time (min) | Recovery efficiency (%)
0 81=+1
15 92 +1
Aluminum
30 96 + 1
45 99 £ 1
0 45+ 1
15 53+1
Iron
30 59+1
45 64 +1

3.2. INFLUENCE OF ELECTRODE MATERIAL

It is well established in the literature on ECF that the electrode material plays a significant role
on the process efficiency. Aluminum and iron are the most common sacrificial electrode
materials and their respective efficiency has already been compared for example for the
harvesting of Dunaliella salina microalgae [30]. In this work, ECF experiments have been
carried out with both metals under the same conditions to select the best electrode material for
the process optimization. As shown in Figure 4, Chlorella vulgaris recovery was always higher
with Al electrodes than with Fe electrodes for all the values of electrolysis time. This confirms
the data of Table 1 for various settling time. For example, the recovery was nearly complete
using aluminum electrodes ((99 + 1)% efficiency) and was far higher than using iron electrodes
((64 £ 1)% efficiency) for 60 min. electrolysis time at the same current density (p<0.05). The
lower efficiency of iron electrodes may be due, first, to the lower faradaic yield with iron in
comparison to aluminum electrodes [31], (97 = 1)% in this work for Fe, while it achieved up to
(133 + 3)% with Al due to the chemical corrosion of the electrodes superimposed on the
electrodissolution of the anode. In addition, iron hydroxides are reported to be relatively poor
coagulants compared to aluminum hydroxides [32]. These results are consistent with those of
Baierle et al. [3], Vandamme et al. [4], Maleki et al. [30], and Gao et al. [23] who also advocated
that aluminum is more efficient than iron as electrode material for the recovery of microalgae.

However, the curves exhibit the same S-shaped curve for both metals, which means that
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harvesting probably proceeds through similar mechanisms. A comparison of literature data is
summarized in Table 2. The experimental results of Figure 4 show a higher efficiency on C.
vulgaris than in [4], especially with iron electrodes, but it must be pointed out that ECF was
carried out at higher current in this work. Based on these results, aluminum electrodes will be

used in the subsequent experiments and the influence of current will be analyzed.
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Figure 4. Microalgae recovery efficiency as a function of ECF time using different electrode
materials. Conditions: Current density 6.7 mA/cm?, pH; 8.0, stirring speed 250 rpm, inter-
electrode distance 1.0 cm, electrolysis time 60 minutes. Error bars represent standard
deviations.

Table 2. Comparison of aluminum and iron as sacrificial electrode material for microalgae
recovery based on literature data: pH;: initial pH, ¢;: initial concentration, /: current, ds: inter-
electrode distance, NV: stirring speed, j: current density, #: time.
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Electrode Recovery
Microalgae Process Operating conditions References
material efficiency (%)
pHi 5.70 £ 0.15 Aluminum 95.4
Desmodesmus Electroflotation in ci=1.84x107 cells/ml
[3]
subspicatus batch I=30A Iron 64.7
t=20 min
I=10A Aluminum 86
Electro-coagulation- dy=1.0cm
Dunaliella salina [30]
flocculation in batch N =200 rpm Iron 75
t=5 min
pHi 7.0 Aluminum 100
Electro- ¢;i=1.2x10°-
Microcystis
coagulation— 1.4x10° cells/mL [23]
aeruginosa Iron 78.9
flotation in batch j=1.0 mA/cm?
t=45 min
pHi 8.0 Aluminum ~80
Electro-coagulation- ¢i=0.3-0.6 g/L
Chlorella vulgaris [4]
flocculation in batch j=3.0 mA/cm? Iron ~0
t =30 min

3.3. INFLUENCE OF CURRENT DENSITY

In all the electrolytic harvesting processes, current density is a critical parameter which governs

not only the efficiency, but also power consumption, coagulant dosage and microbubble density

[2]. In this work, current density values were 2.9 mA/cm?, 4.8 mA/cm? and 6.7 mA/cm?,

respectively. These were tested for an initial pH of 8.0. Only aluminum was used as the

electrode material, as this is far more efficient than iron. Experimental results are displayed in

Figure 5a; these show that the recovery efficiency was (40 = 1)%, (72 + 2)% and (99 + 1)% at

current density 2.9 mA/cm?, 4.8 mA/cm? and 6.7 mA/cm? after 60 min. electrolysis,

respectively (p<0.05). The increase of recovery efficiency with the increase of current density

is consistent with the results of Aragon et al. [33]. The highest recovery efficiency of (99 + 1)%
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reached in this study was higher than the highest recovery efficiency of 95% and 94.9% reached
in the studies of Vandamme et al. [4] and Matos et al. [34] who worked on the same microalgal
species (Chlorella vulgaris). All the curves were S-shaped, with a steep rise after 20 min.
electrolysis at 6.7 mA/cm?, while this was delayed after 30 min at 4.8 mA/cm?. As a result,
while the difference in harvesting efficiency was less than 5% between the three current density
values after 20 min electrolysis, 7, reached (80 + 3)%, (37 + 2)% and (24 + 2)% at current

density 6.7, 4.8, and 2.9 mA/cm? after 40 min. treatment, respectively.

The higher harvesting efficiency at higher current density can be explained from Faraday’s
law:
It-M
n-F

W=

In this equation, F is Faraday’s constant (/' = 96487 C/mol), M is the molecular weight of a
given metal (g/mol), » the number of electrons exchanged in the electrode surface (»=3 for
aluminum), / the current (A), t the electrolysis time (s), @ is faradaic yield, and 7 estimates the
mass of dissolved metal (g). Based on Faraday’s law, the amount of coagulant released is nearly
proportionally to current density, but not exactly proportional, as the faradaic yield measured
at the end of each run on the basis of electrode weight loss slightly decreases when current
increases. Therefore, current density has a direct effect on the anode dissolution rate and on Al
dosage, which strongly affects the performance of the ECF process. The consequence is an
enhanced microalgae separation rate, in agreement with literature data [35]. To investigate the
effect of the amount of coagulant released on 7., this was plotted as a function of volumetric
charge loading in Figure Sb, even though this neglects the influence of the faradaic yield.

Volumetric charge loading (g) is calculated as
q = L.t)V

where / is the current (A), ¢ is the operating time (s) and V is the cell volume (L). In this figure,
the curves for the three current density values follow the same trend, even though they do not
perfectly superimpose at high volumetric charge loading. This may be partially due to the
difference in faradaic yield, but there are many other phenomena that can explain this point.
For example, current density also determines the rate of production of hydrogen gas, again on
the basis of Faraday’s law [36], and thus, the propensity of microalgae to be harvested by
flotation. Figure 5S¢ also compares our results to those of Vandamme et al. [4] in terms of

volumetric charge loading required for achieving the highest microalgal recovery efficiency.
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This figure highlights the strong differences observed in this work as a function of initial pH,
but also with Vandamme et al. data; these differences demonstrate the strong influence of pH
and water composition on microalgae harvesting at constant volumetric charge loading. This
figure also shows that the present results outperform those of Vandamme et al. [4], especially
under acidic pH values: In this study, only 840 C/L volumetric charge loading is needed to
reach almost complete microalgal recovery at current density 6.7 mA/cm? and fixed pH 4.0
while 1440 C/L were needed by Vandamme et al. to reach the highest recovery efficiency of
only 92% obtained in their work. In addition, pH changes during the ECF treatment, and its
evolution also depends on current. As shown in Figure 6, there is a gradual increase in pH with
electrolysis time, whatever the current density, but the rate of pH increase is enhanced by the
increase in current density. For example, when initial pH was 8.0, the final pH was 9.6 + 0.1
when the current density was 2.9 mA/cm?, 9.9 + 0.1 when it was 4.8 mA/cm?, and 10.4 + 0.1
when it was 6.7 mA/cm?. A similar behavior was observed for all the values of pHi between 4.0
and 8.0, which was attributed to the continuous production of OH ions at the cathode with the
generation of AI’" at anode [23].

As a conclusion, current density is the key operating parameter of the ECF process, as
expected. However, it plays a complex role as it governs at the same time the rate of coagulant
dosage, the evolution of pH, and the amount of microbubbles able to collect microalgae and
solid flocs. Based on the results of Figure 5, 6.7 mA/cm? was chosen as the current density to
be used in the subsequent experiments, since 100% recovery could be reached only when this

value was applied in the ECF process within less than 60 minutes.
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Figure 5. Microalgae recovery efficiency: (a) vs. ECF time (in our study); (b) vs. volumetric

charge loading as a function of current density; (c) vs. volumetric charge loading in

comparison with results from Vandamme et al. [4]. Conditions of this study: stirring speed
250 rpm, inter-electrode distance 1.0 cm=—Error bars represent standard deviations.
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Figure 6. pH change as a function of current density. Conditions: pH; 8.0, stirring speed 250
rpm, inter-electrode distance 1.0 cm, electrolysis time 60 minutes. Error bars represent
standard deviations.

3.4. INFLUENCE OF INITIAL pH AND MECHANISMS OF
HARVESTING

pH is a key water property influencing the performance of ECF process [37], as it determines
the speciation of metal hydroxides in the solution. For aluminum, the net charge of Al species
is positive at acidic pH and negative at alkaline pH [32]. In this work, three initial pH values
were compared (4.0, 6.0 and 8.0). As shown by experimental data (Figure 7), the recovery
efficiency decreased with the increase of pHi: this reached about (87 + 2)% after only 20
minutes at pH; 4.0, while it was (45 £ 1)% and (22 £+ 5)% at pH; 6.0 and 8.0 after the same
electrolysis time, respectively (p<0.05). These results are consistent with those of Vandamme
et al. [4] who also found that recovery efficiency decreased with the increase of pH;. Figure 7
also highlights that the main effect of pH; is to change the kinetics of microalgae recovery: this
followed a S-shaped curve at pH; 8.0 (as already observed in Figure 5), while the initial period

in which recovery rate is slow tended to vanish when pH; was decreased.
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Figure 7. Microalgae recovery efficiency as a function of initial pH and fixed pH 4.0.
Conditions: current 6.7 mA/cm?, stirring speed 250 rpm, inter-electrode distance 1.0 cm,
electrolysis time 60 minutes. Error bars represent standard deviations.

These results might be explained by the aluminum speciation, which relies both on the actual
pH and Al concentration on the basis of the concentration Pourbaix diagram of aluminum.
Under acidic conditions, aluminum hydroxide precipitates and monomeric hydroxoaluminum
cations, as well as polymeric species (such as Al;304(OH)’") dominate in water.
Consequently, positively charged precipitates are formed (i.e. aluminum hydroxide together
with the adsorbed hydroxoaluminum cations). Therefore, the negatively charged microalgae
would be neutralized, which facilitates microalgae recovery [23]. This result also agrees with
the high rate of harvesting when ECF begins in Figure 7 and highlights that charge
neutralization plays a key role on microalgae recovery at acidic pHi, while only sweep
coagulation acts on harvesting at alkaline pHi. pH; value did not affect the faradaic yield that

was (134 + 2)% at the three tested pH; values.

To ascertain the analysis of the effect of pH, another series of ECF experiments under
controlled pH conditions (pH 4.0) was carried out. This was achieved using a pH control system
constituted by a pHmeter and a dosing pump BL7-2 (Black Stone, Romania) connected to a
PID controller (Ero Electronic, Italy), the pump being fed by a 0.1 HCI solution. The results
showed that almost complete recovery was reached after 20 min. electrolysis time (Figure 7).
Data also showed that the faradaic yield at fixed pH 4.0 which was (136 = 2)% (which

corresponds to (0.080 + 0.001) g electrode mass loss after 20 min. electrolysis time) did not
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increase significantly compared to the faradaic yield of (134 + 2)% obtained at pH; 4.0, 6.0 and
8.0. The results of this section confirm that the recovery mechanism is charge neutralization, as
mainly cationic species are formed at this fixed acidic pH. Faster recovery at fixed pH 4.0 than
at pHi 4.0 is due to pH increase when experiments are carried out without pH control, as already
shown in Figure 6. Consequently, a change of harvesting mechanism occurs progressively
when pH becomes more alkaline in conventional ECF experiments, corresponding to a decrease
of the effect of charge neutralization, as this seems to have a higher ability the separation of
microalgae than other mechanisms, such as sweep flocculation, adhesion, or enmeshment.
When alkaline conditions prevail, charge neutralization and adhesion of the negatively charged
microalgae on flocs are unlikely to occur, as AI(OH),™ anions and insoluble AI(OH); are the
dominant species, and these are obviously less efficient for the separation of negatively charged
microalgae [38]. In ECF, as a large amount of aluminum has to be released to achieve high pH,
sweep flocculation is the most probable mechanism of microalgae separation in this case; this
agrees with S-shaped curves with a significant break of slope when sweep flocculation starts.

Based on this conclusion, further experiments will be performed at pH; 4.0.

3.5. ASSESSMENT OF HARVESTING MECHANISM

In order to compare the respective effects of charge neutralization, adhesion on flocs, direct
flotation on microbubbles, and sweep coagulation, several series of experiments were carried
out. First, to check whether adhesion of microalgae proceeds on preformed flocs under acidic,
neutral or alkaline conditions, these were mixed with microalgal cells for 24.0 hrs. at pH values
4.0, 6.0 and 8.0. Experimental results showed that there was no adhesion of microalgae on the

flocs at the three tested pH values.

Similarly, to get a better insight in the influence of charge neutralization, the evolution of
zeta potential during ECF was investigated at the same three different pH; (4.0, 6.0 and 8.0).
Zeta potential is a physicochemical parameter that describes the electrokinetic potential of a
colloidal system. It is an important index of the stability of colloidal dispersions: zeta potential
magnitude measures the extent of electrostatic repulsion between adjacent, similarly charged,
particles in a dispersion. For macromolecules and colloidal particles, a high zeta potential
provides stability, i.e. the solution or dispersion resists aggregation. When the potential is low,
attractive forces surpass the electrostatic repulsion and the dispersion may flocculate or

aggregate [39, 40].
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Figure 8. Zeta potential change during ECF. Conditions: Current density 6.7 mA/cm?, stirring
speed 250 rpm, inter-electrode distance 1.0 cm, electrolysis time 60 minutes. Error bars
represent standard deviations.

Before the onset of electrocoagulation, zeta potential was shown to be more electronegative
at higher pH; values, i.e. -19.7 mV at pH; 8.0, -18.1 mV at pH; 6.0 and -16.7 mV at pH; 4.0. This
is due to negative charge of microalgal cells, in agreement with literature data; the electrostatic
repulsion decreases when pH is decreased, which means that zeta potential is closer to zero at
lower pH values. Figure 8 shows that during ECF, zeta potential values increased with time at
all the pH; values, even though they always remained negative. This trend was less prominent
for pH; 8.0, for which zeta potential just increased from -19.7 mV into (-14.0 = 1.0) mV after
60 min. electrolysis time. This result highlights the enhanced role of charge neutralization due
to Al release when pH; is decreased. During ECF, it can be assumed that the zeta potential
which is initially imposed by microalgal cells evolves progressively to that of the colloidal solid
particles when the amount of aluminum released increases. Under alkaline conditions, the
values of the zeta potential indicate that the mechanism responsible for microalgae harvesting
is sweep flocculation, rather than charge neutralization. Conversely, at pH; 6.0, almost complete
recovery was reached after 50 min. electrolysis time, when zeta potential value reached (-9.0 +
1.0) mV, while the same result was achieved after 40 min. at pH; 4.0 when zeta potential was

(-5.0 £ 1.0) mV, highlighting the enhanced role of charge neutralization.

Finally, to assess the role of Al dosage and verify the necessity of floc formation during
ECF, electroflotation experiments without floc formation were carried out using titanium
electrodes at-pH; 4.0, 6.0 and 8.0. This gives access to the contribution of microalgae adhesion

on microbubbles in the absence of coagulant. Experimental data revealed a lower recovery
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efficiency in the three cases: (33.2 + 0.2)%, (36.6 + 0.3)% and (35.2 + 0.3)% at pH; 4.0, 6.0 and
8.0, respectively. These results ensure the importance of coagulant release and floc formation

on the recovery efficiency.

As a conclusion, the direct adhesion of microalgae on flocs plays only a weak role on
microalgal recovery when flocs are stabilized; flotation directly onto bubbles contributes to a
maximum of 36.6% of harvesting yield, but floc formation is compulsory to complete the
operation. Conversely, sweep flocculation is a key process of ECF, but this requires a minimum
amount of coagulant to process, which explains the S-shaped curves. So, the effectiveness of
the microalgal recovery can be enhanced when initial pH is acidic, so that removal starts
immediately, combining charge neutralization coagulation at the beginning of ECF to sweep
coagulation at longer electrolysis time. This is consistent with the results of Gao et al. [23] and

Vandamme et al. [4].

3.6. INFLUENCE OF INTER-ELECTRODE DISTANCE

In this work, three different inter-electrode distances were studied; 1.0 cm, 1.5 cm and 2.0
cm, respectively. As Figure 9 shows, the efficiency of microalgae harvesting decreased when
the inter-electrode distance increased. Almost complete recovery was obtained with the inter-
electrode distance of 1.0 cm after 60 min. electrolysis, while only 95% and 90% recovery
efficiency were obtained with the inter-electrode distance of 1.5 cm and 2.0 cm, respectively,
after the same electrolysis time (p<0.05). The main reason is that the recovery was faster at
lower inter-electrode distance, as it reached about (87 + 2)% with the inter-clectrode distance
1.0 cm after 20 min. electrolysis, while it was only (75 £ 1)% and (70 + 1)% with the inter-

electrode distance of 1.5 cm and 2.0 cm, respectively, after the same time interval.

This result could be explained by the fact that when the distance increases, the faradaic yield
@ decreases, so that the amount of coagulant released with time is reduced [38]. This was
proved experimentally in this work, as the faradaic yield was (134 £ 2)%, (123 £1)% and (115
+ 1)% at inter-electrode distance of 1.0 cm, 1.5 cm and 2.0 cm, respectively. Experimental
results are also consistent with those of Valero et al. [41] who found that electrode distance of

5.5 cm was about 3% more effective than with an electrode distance of 7.0 cm.
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Figure 9. Microalgae recovery efficiency as a function of inter-electrode distance.
Conditions: pHi 4.0, current density 6.7 mA/cm?, stirring speed 250 rpm, electrolysis time 60
minutes. Error bars represent standard deviation.

4. ELECTRIC ENERGY CONSUMPTION

The electric energy consumption (EEC) in kWh/kg of recovered microalgae was deduced
from the following equation:
U-1-t
1000-V -1, -c,

EEC =

where U is the cell voltage (V) (it ranged from 14.0 V to 29.5 V), [ is the current (A), ¢ is the
time of ECF treatment (h) needed for complete microalgae recovery, V is the volume of the
microalgal solution (m?), 7. is the microalgae recovery efficiency, and c; is the initial microalgae

biomass concentration (kg/m?).

Experiments performed at pH; 4.0 at all current density values showed that complete
microalgal recovery could be achieved in the three cases, but at longer electrolysis time with
lower current density, as expected. For power input, it was found that using lower current
density for longer time was less energy consuming because U also increased with I, while EEC
was only proportional to electrolysis time. For completing microalgae recovery, EEC increased
therefore from (5.3 + 0.2) kWh/kg to (9.4 £ 0.3) kWh/kg with the increase of current density
from 2.9 to 6.7 mA/cm? when electrode distance was 1.0 cm (Figure 10), in agreement with
Kim et al. [2]. EEC at current density 2.9 mA/cm? (5.3 + 0.2 kWh/kg) in this work is also lower
than EEC obtained for the recovery of Tetraselmis sp. (9.16 kWh/kg), but higher than that of
Chlorococcum sp. (4.44 kWh/kg) [21]. As a conclusion, the most energy saving conditions for
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the harvesting of microalgae corresponds to 2.9 mA/cm?, i.e. the smallest value used in this
work. Figure 10 also shows the evolution of EEC as a function of inter-electrode distance at
three current densities. In all cases, EEC increased with the increase of inter-electrode distance,
as electrical conductance is inversely proportional to electrode distance. For example, at current
density 2.9 mA/cm?, increasing the inter-electrode distance from 1.0 cm to 2.0 cm, increased
EEC from (5.3 £0.2) kWh/kg to (8.1 = 0.1) kWh/kg. Similar results were reported by Zenouzi
et al. [16]. In an attempt to further reduce EEC, another possibility is to increase the electrical
conductance by acting on water conductivity. The simplest and most cost-effective way is the
addition of NaCl salt. Different concentrations of this cheap salt were added to the microalgal
solution (0.5 g/L, 1.0 g/LL and 1.5 g/L). As shown in Table 3, increasing NaCl concentration
always decreased EEC. The lowest EEC value, about 1.0 kWh/kg, was achieved at current
density 2.9 mA/cm? when 1.5 g/L NaCl was added.
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Figure 10. Electric energy consumption as a function of current density and inter-electrode
distance for complete microalgae recovery. Conditions: pH; 4.0, stirring speed 250 rpm.
Error bars represent standard deviations.

Table 3. Electric energy consumption as a function of current density and NaCl concentration
for complete microalgae recovery. Conditions: pH; 4.0, stirring speed 250 rpm, inter-electrode
distance 1.0 cm.
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EEC (kWh/kg)
Current density (mA/cm?)

0.5 g/L NaCl | 1.0 g/L NaCl | 1.5 g/L NaCl

2.9 2.8+0.1 1.7+0.2 1.0+0.1
4.8 49+0.2 2.6+0.3 1.5+0.1
6.7 5.7+0.1 29+0.2 1.6 0.2

This EEC value needed for complete microalgae recovery is lower than most values reported
in literature for microalgae recovery by electrochemical techniques; for example, 1.3 kWh/kg
energy consumption was reported in the study carried out by Vandamme et al. for the recovery
of Chlorella vulgaris [4]. This seems also more economic than EEC values obtained when using
other techniques for microalgae harvesting. Table 4 compares EEC in our study to EEC in other
microalgae harvesting techniques. Even though the cost of NaCl addition must be accounted
for, NaCl is a cheap salt, and further optimization of the amount of salt added can be driven

from an economic point of view.

Table 4. Recovery efficiency and energy consumption of different microalgae harvesting
techniques.

Recovery Energy input
Harvesting technique Reference
efficiency (%) (kWh/kg)

Electro-coagulation-flocculation 100 1.0 This work

Tangential flow filtration 89 3.6 [8]
Electrochemical harvesting (ECH) with non-
94.5 1.6 [42]
sacrificial electrodes

Vacuum filters 99 1.2 [43]
Polymer flocculation 80 36.8 [8]
Centrifugation 99 16.0 [44]

As a conclusion, EEC can be minimized usually by reducing current, while maintaining a
complete microalgae harvesting at the expense of longer electrolysis time, provided pH; is

decreased to 4.0 and salt is added. A techno-economic optimization is, however, compulsory
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because longer time requires larger equipment and higher equipment cost under continuous

Process.

S. INFLUENCE OF ECF ON LIPID AND PIGMENT CONTENT

Microalgal lipid content results from cultivation conditions [42]. The used microalgae
harvesting technique must not affect lipid yield and should not restrict lipid extraction process.
For this reason, the influence of ECF as the harvesting method on lipid content of microalgae

was investigated at different current densities (2.9 mA/cm?, 4.8 mA/cm? and 6.7 mA/cm?).

Experimental results (data not shown) display that ECF at different current density values had
no significant effect on the lipid content of Chlorella vulgaris (p>0.05). More precisely, lipid
content was always (18 = 1)% (in the control sample and in the samples exposed to ECF at all
current density values (2.9 mA/cm?, 4.8 mA/cm?” and 6.7 mA/cm?). This result is interesting, as
microalgal lipids are highly oxidizable in certain conditions, such as high temperature and
presence of light and oxygen (mainly due to the presence of unsaturated fatty acids which are
preferably oxidized) [45]. This invariability in lipid content in samples exposed to ECF was
also reported by Misra et al. [42] who investigated the harvesting of Chlorella sorokiniana and
Scenedesmus obliquus; however, in their work lipid content of both microalgae tested was lower
than in our case (12% and 15% dry cell weight for C. sorokiniana and S. obliquus, respectively).
As no additional chemicals except salt are added during ECF process, nothing interferes with
the organic solvent extraction of lipids. Consequently, the application of ECF at the commercial

scale biodiesel production plant is possible.

Microalgal pigment content was also analyzed after ECF and compared with the results
obtained from the control sample. As Figure 11 shows, there was no significant decrease
(p>0.05) in total pigment content in samples exposed to ECF, in which the percentage of
pigments in the biomass was (2.1 = 0.2)%, (2.0 £ 0.2)%, (1.9 £ 0.2)% and (2.2 + 0.2)% in
samples exposed to ECF at current density 2.9 mA/cm?, 4.8 mA/cm?, 6.7 mA/cm?, and in the
control sample, respectively. Our results disagree with those of Matos et al. who found a
significant decrease of pigments content in samples exposed to electrocoagulation [46]. These
variations in pigment content could be explained by oxidation of the pigments and their
conversion to esters [46]. Performing ECF more rapidly even at higher current may reduce the
reduction in pigment content and microalgae may avoid the effect of other oxidative agents,

such as oxygen, pH and light. It seems that ECF experimental conditions of this work are
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suitable for conserving the biological identity of the microalgal lipids, contrary to Matos et al.
[46].
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Figure 11. Effect of ECF at different current density values on pigment content. Conditions:
pHi 4.0, stirring speed 250 rpm, inter-electrode distance 1.0 cm, electrolysis time 60 minutes.
Error bars represent standard deviations.

6. ALUMINUM ACCUMULATION DURING ECF

Aluminum concentration in the process water must be minimized because of its harmful
effects on human health [3]. In a study conducted by Arain et al. [47], a relationship was
established between the amount of aluminum cations in scalp hair samples and Alzheimer’s
disease in patients. Other researchers reported deficiency in learning and weakness in memory
following oral administration of small doses of aluminum sulfate to rats [48]. In addition,
aluminum may also be harmful to the environment. Due to these harmful effects, it is of utmost
importance to reach the lowest possible concentration of aluminum ions in the liquid after
biomass separation. However, it was found that the AI** content in the biomass recovered after

electroflotation is higher than in centrifuged samples (0.08 mg/g) [3].

In this study, aluminum accumulation in the harvested microalgae and in the liquid phase
was investigated with two different current density values. As shown in Figure 12a and Figure
12b and as expected by Faraday’s law, aluminum concentration in the microalgal biomass and
in water increased as time and current density increased, but a plateau emerged in the curves of

both figures. The increase of Al content in water with current is in agreement with Vandamme
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et al. who also reported higher aluminum content in the liquid phase at higher current density
[4]. Similarly, higher Al concentrations in the biomass at higher current density are in
agreement with Vandamme et al. [4] who found that aluminum content in the recovered
microalgal biomass (Chlorella vulgaris) was about twice as high at 3.0 mA/cm? than at 1.5
mA/cm?, and also with Matos et al. [46]. Vandamme et al. [4] found 1.5% of Al in the biomass
for 10 min. ECF at 3.0 mA/cm?, while Matos et al. found 1.4% at current density 8.3 mA/cm?
[46], which means that current is not the only parameter to account for. In order to prevent Al
concentration in water from increasing above 2.0 mg/L and keep Al percentage in microalgal
biomass less than 1%, ECF should be applied with shorter electrolysis time and at lower current.
In this case, recovery efficiency may decrease, so that a compromise must be found to maintain
an acceptable level of recovery and a low amount of aluminum in process water and in

recovered microalgal biomass at the same time.

In this work, complete removal may be achieved within 30 minutes treatment when pH; is
4.0 and current density 6.7 mA/cm?. In this case, Al concentration in the liquid phase was
reduced to (1.2 = 0.1) mg/L and the Al content in microalgal biomass was only (0.9 &+ 0.1)%,
which substantially reduces liquid and biomass contamination with aluminum. This takes
benefits from the plateau region of Figure 12 and from the fact that low pH; prevents reaching
pH values at which soluble aluminate anions prevail. Working at lower current needed longer
electrolysis time, so that the final Al content in biomass and water were similar. It emerges that
if it 1s possible to reduce aluminum release in the biomass and the effluents, a minimum value
cannot be avoided to complete the harvesting of microalgae. Similarly, it appears that
electrolysis time and current must also be optimized and controlled during ECF for

environmental reasons.
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Figure 12. Aluminum content in (a) liquid phase and in (b) microalgal biomass measured as a
function of current density. Conditions: pH; 4.0, stirring speed 250 rpm, inter-electrode
distance 1.0 cm, electrolysis time 60 minutes. Error bars represent standard deviations.

7. CONCLUSIONS AND PERSPECTIVE

In this study, ECF for harvesting the microalgae Chlorella vulgaris was investigated.
Microalgae recovery was studied as a function of stirring speed, electrode material, current
density, initial pH and inter-electrode distance. Experimental results showed that aluminum
electrodes were far more efficient than iron electrodes for Chlorella vulgaris recovery. The
mechanisms of microalgae harvesting were elucidated: zeta potential analysis showed that the
mechanism responsible for microalgae recovery was charge neutralization at pH; 4.0 and 6.0
and sweep flocculation at pH; 8.0, while flotation only on bubbles could contribute to a
maximum of 36.6% of harvesting efficiency. Moreover, experimental data showed that ECF
did not affect microalgal biomass lipid and pigment content. In addition, these showed that a
reduction of ECF cost could be achieved by working at the lowest current density and lowest
inter-electrode distance to achieve complete recovery. The amount of aluminum in water and
biomass could also be minimized by optimizing electrolysis time and current. However, water
conductivity and inter-electrode distance were the key factors to save energy, so that a minimum
value about 1.0 kWh/kg microalgae recovered could be achieved using the addition of 1.5 g/LL
NaCl. Now, testing ECF of Chlorella vulgaris in the continuous mode is the priority for further

work before process optimization.
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CHAPTER 7: HARVESTING OF MICROALGAE CHLORELLA
VULGARIS USING CONTINUOUS ELECTRO-COAGULATION-
FLOCCULATION WITH POLARITY EXCHANGE (PE)

This article 1s submitted to Algal Research. Consequently, it follows the guidelines of this
journal.

FAYAD Nidal, YEHY A Tania, AUDONNET Fabrice, VIAL Christophe.

ABSTRACT

Response surface methodology (RSM) was employed to evaluate the influence of current
density and inlet flow rate (retention time) on the recovery efficiency of the microalgae

Chlorella vulgaris from the culture medium by electro-coagulation-flocculation (ECF) in the
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continuous mode using aluminum electrodes. Experimental data showed that almost complete
microalgal recovery was obtained at current density 1.4 mA/cm? and inlet flow rate 40 mL/min.
A model for predicting recovery efficiency cost was developed. In the transient period,
microalgae recovery followed a first-order kinetics with time. The steady state conditions were
attained after 80 min at inlet flow rate 40 mL/min. Under these conditions, almost complete
microalgal recovery required only 1100 C/L charge loading in continuous mode with electrode
polarity exchange (PE) every 2 minutes, while 1650 C/L was needed in continuous mode
without PE. Moreover, Electrical energy consumption (EEC) was reduced from 10.6 kWh/kg
to 5.2 kWh/kg, when switching from ECF without PE to ECF with PE. Further, ECF with PE
was also more economic than ECF in the batch mode, which consumed 6.8 kWh/kg and

required up to 1800 C/L charge loading for complete microalgal recovery.

Keywords: microalgae recovery, Chlorella vulgaris, electro-coagulation-flocculation,
continuous mode, response surface methodology

1. INTRODUCTION

Biofuels production is nowadays a controversial issue, as terrestrially-derived biofuels are
linked to reduced biodiversity, deforestation, farmland shortage, rise of food prices and increase
in the emissions of CO> and N>O [1]. Therefore, it is of utmost importance to develop a
renewable, clean and sustainable energy source and technologies worldwide [2, 3]. The
European Commission is also aware of this problem, and has an objective of increasing the
share of renewable energy to at least 27% of the European Union (EU) energy consumption by
2030 [4].

Microalgae, as a renewable energy source, constitute a potential feedstock for the generation of
transportation fuels. These microorganisms are so advantageous, as they may be cultivated on
barren land, have a high growth rate and higher lipid content compared to other feedstocks [5,
6]. In addition, they accumulate high-value substances such as omega-3 fatty acids, antibiotics
and vitamins as well as antioxidants, pharmaceuticals and animal feed [7, 8].

There are several steps for the production of microalgal products. The first step constitutes of
cultivating the microalgal strain. Then, and once the microalgae grow sufficiently, they are
harvested from the culture medium. After that, the harvested microalgae are subject to
thickening, dewatering and drying, and post-processing (may include oil extraction and

fractionation) [9]. Among the previously mentioned steps, the harvesting step constitutes the

186



greatest challenge due to the small size of microalgae (few micrometers), their density
(similar to water) and their low concentration in the culture medium [10]. This step
consumes more than 30% of the overall biodiesel production costs [11].

The most common harvesting methods include flocculation [12], gravity sedimentation
[13], centrifugation [14], filtration [15] and flotation [16]. However, most of these methods
are costly, have low harvesting efficiencies and sometimes, result in an unacceptable biomass
quality [17]. The selection of the harvesting technique depends on the density and the size
of the microalgae as well as the nature and value of the desired products [18].
Electrochemical techniques such as electrocoagulation is a suitable economic alternative
for harvesting microalgae. Electrocoagulation (EC) is a cheap technique and requires very
little addition of chemicals [19]. During EC, the metal ions which are released by
electrolytic oxidation of the anode act as coagulant agents for the formation of microalgal
flocs [20]. At the same time, hydrogen microbubbles are generated at the cathode, [21]. These
bubbles help the generated flocs rise to the surface by electroflotation [18].

Most studies in the literature on microalgal recovery using electrochemical techniques concern
batch studies. These works are interesting to understand the involved phenomena but at the
industrial scale, batch processes are more expensive and time consuming. To fill this gap in the
literature, this study describes a continuous electrolytic microalgae recovery system for
harvesting the microalgal species Chlorella vulgaris. The study was carried out with electrodes
polarity exchange (PE) to conserve the electrodes for longer time and to prevent passivation.
The aim of the study was to investigate the efficiency of harvesting the microalgal species
Chlorella vulgaris by electro-coagulation-flocculation (ECF) in the continuous mode with
electrode PE every 2 minutes. The effects of current density and inlet flow rate (retention time)
on microalgae recovery efficiency were evaluated using the response surface methodology,
with the objective to develop a model for predicting recovery efficiency. Moreover, ECF
performance in continuous mode with PE and without PE modes could be compared to ECF

in the batch mode reported in a previous work [22].

2. MATERIALS AND METHODS

2.1. MICROALGAL SPECIES (CHLORELLA VULGARIS)

Chlorella vulgaris (Figure 1) was kindly supplied by Algosource Technologies (France).

All the experiments were performed using a modified Bold Basal Medium with 3-fold nitrogen
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and vitamins (3N-BBM+V). This medium was prepared from pure chemicals dissolved in
distilled water for simulating real Chlorella vulgaris culture conditions. For preparing 1.0 L
medium, the addition of the following components was carried out: 0.75 g NaNOs, 0.025 g
CaCl2.2H20, 0.075 g MgS04.7H-0, 0.075 g K2HPO4.3H20, 0.175 g KH2PO4, 0.025 g NaCl,

6.0 mL of trace elements solution, 1.0 mL of both vitamin B1 and vitamin B12.

The trace elements solution was prepared by adding to 1.0 L distilled water, 0.75 g Na2EDTA
and the minerals in the following order: FeCl; 6H>0 (97.0 mg), MnCl> 4H>0 (41.0 mg), ZnCl;
(5.0 mg), CoCl> 6H20 (2.0 mg) and NaxMoO4 2H>0 (4.0 mg). Vitamin B1 was prepared by
dissolving 0.12 g thiaminhydrochloride in 100.0 mL distilled water and, then, filtered sterilely.
Vitamin B12 was prepared by dissolving 0.1 g cyanocobalamin in 100.0 mL distilled water;
then, 1.0 mL was taken from this solution and added to 99.0 mL distilled water and, finally, the

solution was filtered sterilely.

A0pm.

Figure 1. Microscopic image of the microalgae species, Chlorella vulgaris at x100
magnification.

2.2. CONTINUOUS ECF EXPERIMENTS

A continuous flow electrocoagulation system made up of a feed tank, a piston pump, an EC cell
and a sedimentation tank was used (Figure 2). The used EC cell is a container made up of
transparent polyvinyl chloride and can hold up to 2.5 L of microalgal suspension (the
experiments were started after filling this cell with microalgal suspension). The electrodes are
placed in the grooves embedded in the wall of the cell to remain motionless during the
experiment. They are staggered to act as baffles. The suspension is obliged to follow a zigzag

path in the cell (Figure 3) to improve mixing. This zigzag path forces the suspension to pass
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between all the electrodes. This process maximizes the active surfaces, and as the path followed
by the suspension is longer, therefore the residence time of the suspension in the reactor

becomes higher.

ECF was carried out in the galvanostatic mode using a direct current (DC) generator (Voltcaraft
HPS - 13015, Germany), with current direction inversion (polarity exchange (PE)) by the help
of a current inverter. The chosen PE time interval was 2 minutes. Nine planar aluminum
electrodes of identical dimensions (12 cm x 9 cm) were used as anode and cathode material.
The inter-electrode distance was kept at 1.5 cm. Before each experiment, electrodes were rinsed
with acetone and a 0.01 N HCI solution to remove organic and inorganic deposits. pH, voltage
and current were recorded online. To determine the microalgal recovery efficiency as a function
of the time, na(t), samples were collected at the outlet of the reactor until the steady phase
regime was attained. The microalgal recovery efficiency was determined based on the decrease
in optical density of the microalgal suspension measured at 550 nm with a UV-VIS

spectrophotometer (Jenway, UK). Microalgal recovery efficiency was calculated using (eq. 1):

Na(t) = (ODt=0- OD¢)/ OD¢=0 (eq.1)

where OD; = is the optical density of the suspension before the beginning of ECF, and OD; is
the optical density of the suspension at time 7.

The electric energy consumption (EEC) in kWh/kg of harvested microalgae was deduced

Ul
EEC = 100074Qc; (eq. 2)

where U is the cell voltage (V), [ is the current (A), 7, is the microalgae recovery efficiency, O

is the inlet flow rate (m*/h) and c; is the inlet microalgae biomass concentration (kg/m?).
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Pump control

Sedimentationtank | | Feed tank |

Figure 2. Scheme of the experimental set-up.

Inlet Outlet

Figure 3. Scheme of the circulation of the microalgal suspension in the reactor. The black
vertical segments reprensent the electrodes, and the arrows represent the zigzag path.

2.3. EXPERIMENTAL DESIGN AND DATA ANALYSIS

A three-level full factorial design (in addition to three replicates of the center point) with
response surface methodology (RSM) was used to investigate the influence of two factors
namely, current density and inlet flow rate. The number of experimental runs carried out was:
32 (full factorial design for two variables at three levels) + 3 replicates of the center point = 12
experimental runs. Before designing the experimental runs, preliminary experiments were

conducted to select a narrower range of the studied independent variables based on one-factor-
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at-a-time concept. Table 1 shows the real and coded values of the variables studied in RSM.
The investigated inlet flow rates of 40 mL/min, 60 mL/min and 80 mL/min correspond to

retention times in ECF cell of 62.5 min, 41.7 min and 31.3 min, respectively.

Table 1. Experimental range with the coded and real values of the studied variables.

Factor Variable Coded levels of variables
-1 0 +1
X Current density (mA/cm?) 0.4 0.9 1.4
X2 Inlet flow rate (mL/min) 40 60 80

Experimental data were analysed and fitted to the following second-order polynomial model
(eq. 3):

Y = aotYaixi Y a;xity aixi (eq. 3)
where Y is the response (recovery efficiency, %), ao is the constant coefficient, a; is a linear
coefficient, a;; is an interaction coefficient, a;; is a quadratic coefficient, and x; and x;; are the

independent factors.

3. RESULTS AND DISCUSSION

3.1. PRELIMINARY EXPERIMENTS ON THE EFFECTS OF
CURRENT DENSITY AND INLET FLOW RATE

In the RSM study, the effects of two factors, namely current density and inlet flow rate were
evaluated. Preliminary experiments were carried out with PE every 2 minutes to prevent
passivation of electrodes and to conserve them for longer time, at inlet pH 4 (as this pH value
was shown to be the most efficient than the other initial pH values in our previous batch study
on the same microalgal species [22]) in order to select the range of values to be used in the

RSM design for these variables.

In most electrochemical processes, current density is the most important parameter affecting
the performance of the process, as it determines the coagulant production rate, bubble
production rate, size and growth of flocs [23]. In this study, experimental runs were conducted
at two current densities of 0.2 mA/cm? and 0.4 mA/cm? at an inlet flow rate of 80 mL/min. As
shown in Figure 4, Chlorella vulgaris recovery efficiency increased at both current densities

till the stationary state was reached. Recovery efficiency reached 78% at current density 0.4
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mA/cm?, while it was only 71% at current density 0.2 mA/cm? under steady state conditions.
This result is ascribed to the fact that increasing current density increases both coagulant

production rate and the amount of aluminum hydroxide available in the solution to form
complexes and precipitate microalgae [23]. As recovery efficiency was less than 75% at current

density 0.2 mA/cm?, a range of 0.4—1.4 mA/cm? was used for current density in the RSM

design.

The effect of inlet flow rate on the recovery efficiency of Chlorella vulgaris was studied by
varying the inlet flow rate in the range of 40 mL/min - 120 mL/min for a current density of 0.4
mA/cm?. As Figure 5 shows, recovery efficiency decreased with the increase of inlet flow rate.
In fact, recovery efficiency under steady state conditions was 86%, 78% and 73% at inlet flow
rates of 40 mL/min, 80 and 120 mL/min, respectively. This result is due to the fact that the
amount of dissolved aluminum per unit of time and volume becomes lower and that there is a
lower contact time between microalgal cells and coagulants at higher inlet flow rates [24].
These results are consistent with those of Benhadji et al. who worked on COD and turbidity
removal from industrial wastewater [25] and with those of El-Ashtoukhy et al. who worked on

the removal of acid green dye 50 from wastewater [26].

As the recovery efficiency was less than 75% at inlet flow rate of 120 mL/min, the range of 40

-80 mL/min was chosen in the RSM design.

100

90
g ¥ o5 0 09-0--9
> 70 o o> O-0-0
2 60 o " 45 °
S O o
3—0', 50 0O o
g 40 O <©0.2 mA/cm?
g 30 o < 00.4 mA/cm?
€ 20 o <

101 o

00O

0O 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (min)

Figure 4. Effect of current density on the recovery efficiency of Chlorella vulgaris in a
continuous flow electrocoagulation reactor. Experimental conditions: pH; 4, inter-electrode
distance 1.5 cm, initial concentration 0.5 g/L, inlet flow rate 80 mL/min.
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Figure 5. Effect of inlet flow rate on the recovery efficiency of Chlorella vulgaris in a
continuous flow electrocoagulation reactor. Experimental conditions: pH;4, current density
0.4 mA/cm?, inter-electrode distance 1.5 cm, initial concentration 0.5 g/L.

3.2. MODEL DEVELOPMENT AND VALIDATION

Based on the experimental design, twelve experimental runs with four central points were
conducted. Experimental results of recovery efficiency are summarized in Table 2. The

observed recovery efficiency values were used to develop the model based on the following

second order polynomial (eq. 4):
Y =ap+ar X1 +axXo+an Xi2+an Xo? +an XiXe (eq. 4)

ANOVA analysis presented in Table 3 shows that the coefficients of determination (R?) and
adjusted R? were 99.5% and 99.1%, respectively. This indicates that the quadratic model is able
to describe successfully microalgae recovery. ANOVA analysis also shows that the effects of
the quadratic term X? is insignificant on the recovery efficiency (p<0.05). The insignificance
of this term is also shown in the pareto chart (Figure 6). Therefore, the previous model was
developed by eliminating the statistically insignificant term X,2, and there, in terms of coded

factors, it was determined by (eq. 5):

Y (Recovery efficiency, %) =96.9 - 0.2 X; - 0.3 Xo + 5.1 X;2 + 0.06 X;X> (eq. 5)
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Table 2. Design matrix along with observed responses; the extremal values of the recovery

efficiency were noted in bold.

Run Current | Inlet flow | Recovery

density rate efficiency
(mA/cm?) | (mL/min) (%)
1 0.9 60 88.2
2 0.4 80 78.3
3 0.9 60 88.6
4 1.4 60 95.4
5 0.9 80 83.3
6 0.9 60 88.0
7 0.4 60 84.2
8 0.4 40 87.4
9 1.4 40 99.0
10 0.9 40 92.6
11 1.4 80 92.1
12 0.9 60 88.1

Table 3. Analysis of variance (ANOVA) for recovery efficiency.

Source Sum of | Df |Mean Square |F-Ratio| P-Value
Squares
Xi: Current density 223.3 1 223.3 3227.9 | 0.0000
X>: Inlet flow rate 106.7 1 106.7 1542.4 | 0.0000
Xi? 53 1 5.3 76.9 | 0.0031
X1X2 1.2 1 1.2 17.5 0.02
Xo? 0.5 1 0.5 7.4 0.07
Lack-of-fit 1.4 3 0.5 6.7 0.08
Pure error 0.2 3 0.07
Total (corr.) 338.1 11
R?=99.5%
Adjusted R?=99.1 %
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Figure 6. Pareto chart of recovery efficiency.

The plot of actual and fitted values of microalgae recovery efficiency shows a very good
agreement between observed and fitted values with R? of 0.99 (Figure 7). Consequently, the
model developed in this work could be successfully used to predict Chlorella vulgaris recovery

efficiency under the investigated experimental conditions.

100 >
98 y = 0.9902x
9 - R? = 0,9902

Fitted recovery efficiency (%)

78 1 T T T T T T T T T T
78 80 8 8 8 8 90 92 94 9% 98 100

Observed recovery efficiency (%)

Figure 7. Fitted vs observed values for Chlorella vulgaris recovery efficiency.
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3.3. THE INTERACTION EFFECT OF CURRENT DENSITY AND INLET
FLOW RATE

Figure 8 shows a 3-D surface plot for the interaction effect of current density and inlet flow
rate on microalgae recovery efficiency. As this figure shows, recovery efficiency increased with
the increase of current density and the decrease of inlet flow rate. Highest recovery efficiency

of 99% was reached at current density of 1.4 mA/cm? and inlet flow rate of 40 mL/min.

The highest recovery efficiency at the highest current density is explained by Faraday’s law,
which implies that the amount of metal dissolved is nearly proportionally to current density.
Consequently, as current density increases, more aluminum is available in the microalgal

suspension for neutralizing or precipitating microalgae [23].

Higher (total) recovery efficiency at lower inlet flow rates is expected, as such rates lead to
higher retention time, and hence, the microalgal cells have more contact time with aluminum

species in the reactor [27].

Table 3 shows that the linear effects of current density and inlet flow rate (X; and X>), their
interaction effect as well as the quadratic effect of current density (X1?) have a significant effect
on microalgae recovery efficiency (P<0.05); however, the quadratic effect of inlet flow rate
(X1?) is insignificant (P >0.05).

However, equipment cost increases when Q decreases and operating cost increases with current.

96}
92k
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80}
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Current density (mA/cm"2)

Figure 8. 3-D surface plot for the interaction effect of current density and inlet flow rate on
the recovery efficiency of Chlorella vulgaris.
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3.4. KINETICS OF RECOVERY DURING THE TRANSIENT PERIOD

As the cell has been filled with microalgal suspension prior to the beginning of ECF, the
transient period (time needed to achieve steady state conditions) was poorly dependant on the
inlet flow rate. Chlorella vulgaris recovery kinetics during the transient phase was investigated
at different current densities (0.4 mA/cm?, 0.9 mA/cm? and 1.4 mA/cm?) with PE. Two of the
most used kinetic models, first-order (eq. 6) and second-order (eq. 7) were fitted to our
experimental results.

Ln Ci=Ln Co— Kt (eq. 6)

1/Ci =Kot + 1/Co (eq. 7)
where Cy is the initial microalgae concentration and C; is the microalgae concentration at time
t; K1 and Kb are the first and second-order kinetic constants, respectively.

As Figure 9 shows, the first-order model fitted better our experimental data with higher R?
values at all tested current densities. Table 4 displays R? values and the corresponding kinetic

constants at all current densities.
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Figure 9. Fitting of a) first-order models and b) second-order models to our experimental data
at different current densities.

Table 4. Kinetic constants corresponding to first-order and second-order kinetics at different
current densities.

Current density First-order Kinetics Second-order Kinetics
R? K,/ min™! R? K>/ L.g'.min’

0.4 mA/cm? 0.995 0.021 0.916 0.14

0.9 mA/cm? 0.996 0.032 0.857 0.23

1.4 mA/cm? 0.996 0.064 0.741 1.18
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3.5. COMPARISON OF CONTINUOUS ECF WITH POLARITY EXCHANGE
(PE) AND WITHOUT PE TO ECF IN BATCH MODE IN OUR PREVIOUS
STUDY

All the compared results were obtained at the same inlet pH 4 and inter-electrode distance of
1.5 cm. The steady state conditions with recovery efficiency of 99% and 95% obtained with
ECF with and without PE, respectively, was reached after 80 minutes of operation time,
whereas 100 minutes time was required to reach a complete recovery in the batch mode [22].
Higher recovery efficiency in ECF with PE mode is due to the uniform dissolution of anode

and cathode during electrocoagulation with PE [28].

Figure 10a shows that a volumetric charge loading value of 1800 C/L was required to reach
almost complete microalgae recovery in batch mode, compared to 1100 C/L and 1650 C/L in
the continuous mode with and without PE, respectively. As a result, we can say that the
continuous mode is more efficient than the batch one, as it requires less charge loading for
microalgae recovery. Figure 10b shows electrical energy consumption (EEC) in batch,
continuous with PE and continuous without PE modes. Results show that 6.8 kWh/kg was
needed in the batch mode, 5.2 kWh/kg in the continuous mode with PE, whereas, in continuous
without PE mode, EEC reached 10.6 kWh/kg probably due to passivation, which increases the
applied potential and thus EEC.
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Figure 10. Comparative performances of ECF in continuous mode with PE, continuous mode
without PE and batch mode in terms of a) recovery efficiency and b) Electrical energy
consumption (EEC). Experimental conditions: inlet pH 4, inter-electrode distance 1.5 cm,
initial concentration 0.5 kg/m>.

4. CONCLUSION

In this study, response surface methodology (RSM) was used as a tool to explain the effects of
current density and inlet flow rate (retention time) and their interactions on the recovery
efficiency of Chlorella vulgaris from the culture medium by electro-coagulation-flocculation
(ECF) in the continuous mode. Experimental results showed that almost complete microalgal
recovery (99.0 %) was obtained at current density 1.4 mA/cm? and inlet flow rate 40 mL/min.
The linear effects of current density and inlet flow rate, their interaction effect as well as the
quadratic effect of current density were significant on recovery efficiency. A statistically
significant model was developed for predicting recovery efficiency from RSM methodology.
The steady state conditions in the continuous mode were reached after 80 min at 40 mL/min
inlet flow rate. At steady state conditions, comparing ECF in continuous mode with polarity
exchange (PE) every 2 minutes to continuous ECF without PE, depicted that ECF in continuous
mode with PE was more economic than ECF in continuous mode without PE. Moreover, ECF

in continuous mode with PE was also more efficient and economic than ECF in the batch mode.
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CONCLUSIONS AND PERSPECTIVES

This thesis comprises two submitted literature review articles and five articles; three of which
are published and two are submitted. The main objective of this work was to develop a
technically and economically reliable technique for wastewater treatment and for the separation
and purification of biological media. In this context, electrocoagulation (EC) was first employed
for the elimination of whey proteins from synthetic wastewater. Then, the efficiency of EC for
separating and purifying volatile fatty acids in a digestate (first biological medium) from
acidogenic fermentation was tested. Moreover, two microalgae species namely,
Chlamydomonas reinhardtii and Chlorella vulgaris were recovered from their culture medium

(second biological medium) using electro-coagulation-flocculation (ECF).

In more details, in chapter 3, EC was used to remove whey proteins (initial concentration ranged
from 0.75 to 3.0 g/L) from synthetic wastewater using aluminum electrodes. EC has been shown
to be able to completely eliminate whey proteins, with adsorption onto the flocs being the
mechanism responsible for removal. This work also proved that whey proteins adsorption onto
flocs forming during EC at all currents (78.0 mg N/g solid, 61.57 mg N/g solid, and 53.18 mg
N/g solid at current of 1.5 A, 3.0 A, and 4.5 A, respectively) was more efficient than adsorption
of these proteins on preformed flocs (27.78 mg N/g solid) at the same initial concentration of
0.75 g/L. It was also shown in this work that EC cost increased with increasing initial pH (pHi),
current and electrolyte concentration. This work was finalized by defining a model that can
predict whey proteins removal quantitatively. This model which requires only two adjustable
parameters that must be readjusted only as a function of initial pH and conductivity,
outperforms other models from the literature that usually require to adjust parameters for each

new set of operating conditions.

The second part of this work, detailed in chapter 4, was the implementation of EC process for
the preliminary purification of volatile fatty acids (VFA) in a digestate issued from acidogenic
fermentation. The collected experimental results have proved that EC is an efficient process for
purifying VFA, as they completely remain in the solution, while the other soluble and insoluble
compounds were eliminated efficiently. The purification costs were evaluated to be (0.26 +
0.03) and (1.07 + 0.04) US $/m?® with iron or aluminum electrodes, respectively. Comparison
of these costs to costs of other techniques used for VFA purification as electrodialysis and

nanofiltration showed that EC is more economic.
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The third study of this thesis (chapter 5), consisted of harvesting the microalgal species
Chlamydomonas reinhardtii using electrocoagulation-flocculation (ECF) in batch mode with
aluminum electrodes. Experimental data proved that these microalgae can be effectively
recovered by ECF, as 90% recovery efficiency was attained at current density 14.4 mA/cm? and
initial pH 6 for 60 min operating time. Data also showed that ECF cost which ranged from 0.13
to 1.8 US $/m> was not influenced by initial pH (from 3 to 9). Moreover, in this study, two
models able to predict recovery efficiency and ECF operating cost were established. When
studying the kinetics of harvesting, it was demonstrated that Chlamydomonas reinhardtii
recovery followed a second-order kinetics, with charge neutralization being the mechanism
responsible for recovery, as depicted by the increase of zeta potential value with time. Lastly,
it was shown that ECF is more efficient than chemical flocculation with chitosan for

Chlamydomonas reinhardtii recovery.

The fourth study involved the use of ECF for the recovery of another interesting microalgal
species (Chlorella vulgaris). Experimental data showed that aluminum electrodes were much
more effective than iron electrodes for Chlorella vulgaris recovery. Zeta potential analysis
demonstrated that the mechanism responsible for microalgae harvesting was charge
neutralization at pH; 4.0 and 6.0 and sweep flocculation at pH; 8.0, while flotation on bubbles
contributed to a maximum of 36.6% of harvesting efficiency. In addition, it was shown that
ECF did not affect microalgal biomass lipid and pigment content.Moreover, it was possible to
reduce ECF cost by working at the lowest current density and the lowest inter-electrode
distance. A minimum value of about 1.0 kWh/kg microalgae recovered was achieved by adding

of 1.5 g/L NaCl.

In the fifth and last study, as a continuation of the fourth study, Chlorella vulgaris was harvested
in the continuous mode using ECF with aluminum electrodes. In this study, response surface
methodology (RSM) was employed to explain the effects of current density and inlet flow rate
and their interactions on the recovery efficiency of Chlorella vulgaris. Experimental data
depicted that 99.0 % recovery efficiency was obtained at current density 1.4 mA/cm? and inlet
flow rate 40 mL/min in a 2.5 L volume cell. The linear effects of current density and inlet flow
rate, their interaction effect as well as the quadratic effect of current density were significant on
harvesting efficiency. Moreover, in this work, a statistically significant model was developed
for predicting recovery efficiency. The steady state conditions in the continuous mode were
reached after 80 min at 40 mL/min inlet flow rate. At steady state conditions, ECF in the

continuous mode with polarity exchange (PE) was more economic than ECF in the continuous
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mode without PE. Moreover, ECF in the continuous mode with PE was also more efficient and
economic than ECF in the batch mode. But a key result emerges from this study is that a simple
transition from batch to continuous EC process is not straightforward, as it is not possible to
deduce the removal yield of microalgae recovery or pollution removal under continuous
conditions from batch experiments as a function of residence time or energy input. This poses
a serious question in terms of EC design and scale-up that has not been solved yet. It is certain
that hydrodynamic conditions strongly differ between the mechanically-stirred EC cell of
chapter 5 and the continuous cell of chapter 6. However, the change in cell design not only
modifies hydrodynamic conditions, but also the rates at which the coagulant is released and the
pH varies locally. As pointed out by Hakizimana et al.”, many mathematical approaches have
been developed for EC modelling and simulation, but no general method has received a general
acceptance. In particular, the molecular and microscopic processes are probably so highly non-

linear that lack reliable scale-up models.
As a consequence, the perspectives of this work can be summarized as follows:

The main objective will be to develop a robust methodology able to use data from batch
experiments in continuous EC cells, starting initially with model systems, for example the whey
proteins solutions studied in chapter 3. This emerges undoubtedly as an essential prerequisite
for the future developments of the EC technology. For whey proteins, this strategy implies to
apply the EC treatment in the continuous mode in the laboratory and to deeply analyze the effect
of electrode polarity. For microalgae, this also implies to complete the experimental study using
batch and continuous experiments, not only for Chlorella vulgaris, but also for Chlamydomonas
reinhardtii for which only batch experiments have been carried out. A key perspective could be
to establish the adequate conditions of batch experiments for the definition and the a priori
optimization of the operating conditions of continuous EC process. A second objective would
be to further improve the design and scale-up of continuous EC cells. A last one would be to
establish at least the basis of a scale-up methodology of continuous EC cells, which would be a
major advance to make EC a popular technological solution for water or wastewater treatments,

but also for recovery of valuable colloids from water.

*].N. Hakizimana, B. Gourich, M. Chafi, Y. Stiriba, Ch. Vial, P. Drogui, A. Oumani, J. Naja (2017).
Electrocoagulation process in water treatment: A review of electrocoagulation modeling approaches.
Desalination, 393, 1-21.
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Another objective will be to improve the design of the continuous EC cell of chapter 7. Several
parameters can be modified, including the distance between electrodes and the electrode
connection mode. In addition, the influence of the period of polarity exchange has not been
investigated up to now. Similarly, several conventional designs of continuous EC cells can be
found in the literature” which differ from that of the present study. The EC cell used in this work
could also be compared to alternative designs, so that the pros and cons of each design could be

assessed on a rational basis.

Specific objectives for the different media treated can also be considered. For whey proteins,
EC should be applied to industrial dairy wastewater, to assess the cocktail effect on the removal
efficiency of whey proteins in whey or white waters, particularly in the continuous mode. For
VFA and microalgae recovery, EC must be coupled to a concentration process that further
removes water prior to subsequent treatments. Membrane processes arises as a serious potential,
and further developments in the coupling between EC and membrane processes emerge as an

attractive solution for the future of EC, as already highlighted for seawater desalination®.

More generally, a significant perspective remains a better understanding of the interplay
between the various electrochemical, chemical and physical mechanisms involved in the
removal of soluble and colloidal species, including precipitated hydroxides, and particularly
those involving electrogenerated microbubbles in the flotation process. This would constitute a
key improvement in the definition of technological solutions involving the EC process, but it
constitutes also a crucial step in the use of advanced modelling tools, such as CFD
(Computational Fluid Dynamics), that requires an accurate description of these mechanisms at

the microscopic scale.

Finally, these perspectives highlight that electrocoagulation remains a subject of high interest
that deserves further research, not only because it remains not well understood even though it
has been discovered more than one century ago, but also because it is an efficient and economic

process for applications that are still to be discovered and in which fundamental understanding

TM.Y.A. Mollah, P. Morkovsky, ].A.G. Gomes, M. Kesmez, D.L. Cocke (2004). Fundamentals, present and future
perspectives of electrocoagulation. Journal of Hazardous Materials, 114,199-210.

#].N. Hakizimana, B. Gourich, Ch. Vial, P. Drogui, A. Oumani, J. Naja, L. Hilali (2016). Assessment of hardness,

microorganism and organic matter removal from seawater by electrocoagulation as a pretreatment of
desalination by reverse osmosis. Desalination, 393, 90-101.
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of technological solutions have still to be found, particularly at the process scale in the field of

chemical engineering.
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Abstract

Electrocoagulation (EC) is a non-specific electrochemical method usually used for water and
wastewater treatment. In this work, EC is firstly investigated as a conventional wastewater
treatment technique for the removal of whey proteins from water, where the mechanisms of
removal are explained and a model on whey proteins elimination is developed. Then, EC use is
extended for the separation and purification of volatile fatty acids issued from acidogenic
fermentation. In this second study, the effects of operating parameters on EC efficiency and
cost are discussed. Moreover, EC is used for the harvesting of two microalgae species from
their culture medium. In the study that concerns recovering Chlamydomonas reinhardltii,
response surface methodology (RSM) is employed and two models for predicting recovery
efficiency and operating cost are developed. The harvesting of the other microalgae species
Chlorella vulgaris is studied using EC in the batch and continuous modes. In the batch mode,
the effects of the main operating parameters on the process effectiveness are explained along
with discussing the mechanisms of recovery. In the continuous mode study, response surface
methodology (RSM) is applied and a model for predicting microalgae recovery is developed.
Finally, comparison of EC performance in continuous mode with and without polarity exchange
(PE) to EC performance in batch mode is carried out.

Keywords:

Electrocoagulation, Wastewater treatment, Whey proteins, Separation, Purification, Volatile
fatty acids, Harvesting, Chlamydomonas reinhardtii, Chlorella vulgaris

Résumé

L'¢lectrocoagulation (EC) est une méthode électrochimique non spécifique couramment utilisée
pour le traitement de l'eau et des eaux usées. Dans ce travail, I’EC est d'abord étudiée comme
une technique classique de traitement des eaux usées dédiée a I'élimination des protéines de
lactosérum de 1'eau pour laquelle les mécanismes d'élimination sont expliqués et un modele est
développé. Ensuite, l'utilisation de ’EC est étendue a la séparation et a la purification d’acides
gras volatils issus de la fermentation acidogénique. Dans cette deuxi¢me étude, les effets des
parametres opératoires sur l'efficacité et le cotit de I’EC sont discutés. En outre, I’EC est utilisée
pour la récolte de deux especes de microalgues de leur milieu de culture. En ce qui concerne la
récolte de Chlamydomonas reinhardtii, la méthodologie de la surface de réponse est utilisée et
deux modeles permettant de prédire respectivement l'efficacité de la récupération et le cofit
opératoire sont développés. La récolte d’une autre espece de microalgues, Chlorella vulgaris,
est étudice en utilisant I’EC respectivement en mode discontinu et continu. En mode discontinu,
les effets des principaux parametres de fonctionnement sur l'efficacité du processus sont
expliqués et les mécanismes de récupération sont discutés. Dans 1'étude en mode continu, la
méthodologie de la surface de réponse est utilisée et un modele permettant de prédire 1’efficacité
de récupération des microalgues est développé. Enfin, la comparaison des performances de 1'EC
en mode continu avec et sans échange de polarité aux performances de I'EC en mode discontinu
est effectuce.

Mots-cles :

Electrocoagulation, Traitement des eaux usées, Protéines de lactosérum, Séparation,
Purification, Acides gras volatils, Récolte, Chlamydomonas reinhardtii, Chlorella vulgaris



