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Abstract

This paper aims to provide an overview of electrochemical technologies in wastewater treatment. Part | focuses
on the basic theory development and application of electro-coagulation. Electrocoagulation is advanced and
innovative method which involves direct interaction between the ions of sacrificial metal anode and the
pollutants in the water. The dissolved metal ions from sacrificial anode release in wastewater, coagulate with
pollutant in wastewater in a manner similar to the traditionally one where chemicals are added for coagulation.
The traditionally used chemicals, alum and ferric salts, liberate both, cations and anions. In electrocoagulation
there is no supplemental addition of anions and therefore, no increase in salinity of the treated water. The
quantity of sludge produced is smaller than that produced during chemical treatment. In the first part of the
paper is given the importance for saving the fresh water and cleaning of wastewater using traditionally methods
as: physical/mechanical methods, chemical methods and biological methods. In the second part the structure of
colloids and traditional coagulation widely using in nowadays is presented. In the third part, an overview of
detailed electrocoagulation theory, supported by literature survey for application in wastewater treatment plants,

is given
Keywords: electrocoagulation; structure of colloids; wastewater; electrochemical reactions.
1. Introduction

With rapid growth of the world population water consumption increases rapidly and so does water pollution.
Rivers, canals, estuaries and other water bodies are being constantly polluted due to discharge of untreated
industrial and municipal wastewaters. Water is the source of all life in the world and covers about 70% of the
Earth’s surface.

* Corresponding author.
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It exists on Earth as a solid (ice), liquid (oceans, seas, lakes, rivers, streams and groundwater), or gas (clouds
and water vapor), with a total quantity that does not change. Unfortunately the water pollution affects drinking
water, groundwater, rivers, lakes, seas and oceans, as well as ponds and short-term water collecting areas. The
cleaning of these polluted waters is often very difficult and hard renewable whereas the polluted industrial
waters released in the oceans consisting of: heavy metals, some of organic and inorganic compounds, make the

ocean water non-renewable.

Literature data suggests that the total water resources supply in the world is about 1386 million cubic
kilometers, with little over 96% of it being saline and the rest freshwater [1]. By definition, freshwater is water
that contains less than 1 milligram per liter of dissolved solids, most often salts. Out of the total quantity of
freshwater available (about 3%), over 68% is locked up in ice and glaciers. The rest, less than 31%, is in the
ground. Fresh surface-water sources such as rivers, streams and lakes, constitute only about 93100 cubic
kilometers, which is about 0.3 % of freshwater, or about 0.007% of the total water on Earth. Finally, rivers and

lakes are water resources that people in the world use the most every day.
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Figure 1: Global distribution of Earth’s water

Virtually all types of water pollution are harmful to the health of humans, animals and the environment. The
non-degradable pollutants created by human activity, generally become deposited on the bottom of the water
system and their accumulation interferes with aquatic ecosystems. The conventional wastewater treatment
widely used nowadays over all the world includes: physical/mechanical, chemical and biological treatment

methods to remove suspended solids, biodegradable organic matters, inorganic matter and nutrients.

Physical/mechanical methods include processes where no noticeable chemical or biological changes are
carried out and strictly physical phenomena are used to treat or improve the quality of the wastewater. These
processes are: sedimentation, screening, aeration, filtration, flotation and skimming, degasification and

equalization.
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Chemical methods include the use of chemical processes to improve the water quality. These processes are:
chlorination, ozonation, neutralization, coagulation, adsorption and ion exchange. Chlorine, a strong oxidizing
chemical, kills bacteria and slows down the rate of decomposition of the waste in the wastewater. Another
strong oxidizing agent that has also been used as an oxidizing disinfectant is ozone. Neutralization is a
commonly used chemical process in many industrial wastewater treatment operations. It consists of the addition
of acid or base to adjust pH levels back to neutrality. But it should be pointed out that certain processes may be
physical and chemical in nature. For example coagulation consists of the addition of the chemicals that, through

chemical reactions, form insoluble products that can be easily removed from wastewater by physical methods.

Biological methods involve: the use of microorganisms (some kind of bacteria) to degrade natural organic
waste resulting in DO, BOD and COD reduction.

DO (Dissolved oxygen) represents the amount of microscopic bubbles of oxygen gas (O,) that is dissolved in
water and refers to the oxygen volume contained in the water. Just as we and terrestrial animals need air to
breathe, aquatic organisms need dissolved oxygen to respire. It is also needed for the decomposition of organic
matter and it is particularly important in limnology (aquatic ecology). Oxygen enters water through the air-water
interface, by direct adsorption and diffusion from the atmosphere. With rapid movement or mixing of the
surface water by wind and wave action, which create more surface area, the rate of oxygen adsorption and its
diffusion into the water increases. Microbes play a key role in the loss of oxygen from surface waters.
Microorganisms use organic matter as a food source through oxidation and consume oxygen in the process.
They also use oxygen as energy in order to break down long-chained organic molecules into water and to form
more stable end products such as carbon dioxide and water. The basic reaction for biochemical oxidation may

be written as

Oxidable material + bacteria + nutriente + O, — CO, + H,0O

Since all natural waterways contain bacteria and nutrients, almost any waste compounds introduced into such

waterways will initiate a biochemical reaction.

BOD (Biochemical Oxygen Demand) is a measure of the amount of total oxygen that is required by bacteria,
fungi, and other biological organisms, to degrade/oxidize all organic compounds present in water/wastewater.
Organic waste in wastewater treatment plants acts as a food source for water-borne bacteria. Bacteria

decompose these organic materials using dissolved oxygen.

COD (Chemical Oxygen Demands) is a measure of the amount of total oxygen that is required to
degrade/oxidize all organic (biodegradable) and inorganic (non-biodegradable) matter present in water and
wastewater. It is based on a chemical reaction (oxidation) using a strong chemical agent, such as potassium bi-
chromate, which is one of the strongest oxidizing agents. Generally any oxidable material present in a natural
waterway or in an industrial wastewater will be oxidized by both, biochemical (bacterial) and chemical
processes. The main focus of wastewater treatment plants is to reduce the BOD in the effluent discharge to

levels similar to natural waters.
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Wastewater treatment plants are designed to function as bacteria farms, where bacteria are fed oxygen and
organic waste. The excess bacteria grown in the system are removed as sludge, and this solid waste is then
deposed on land. The advantage of biological treatment is the great adaptability of microorganisms to a wide
variety of wastewater content, but this is a long lasting treatment requiring a large physical area and very often

leads to generation of non-biodegradable residues [2, 3].

All of the mentioned conventional wastewater treatment technologies have some disadvantages such as: they are
time consuming, require extensive land area and demand determination of methods for further use or
neutralization of disposed waste. Improper disposal of these aqueous wastes may increase the probability for
contamination of other water resources which will influence human health and environment pollution.
Therefore, there is an urgent need to develop innovative, less expensive and more effective advanced

technologies for wastewater treatment.
2. Electrochemical treatments

Advanced wastewater treatment technologies, which include the use of electricity, have been practiced in the
second part of the 20™ century [4]. The first water treatment using electricity was carried out in a plant built in
1889 in the UK where sewage treatment had been conducted by mixing the domestic wastewater with sea water,
as reported in ref. [5]. The first use of electricity in wastewater treatment in the USA started in the late 1900s as
reported in ref. [2]. The capital investment and the electricity costs necessary for the application of this new
technology were so high that they were not widely used in that period. Additionally, electrochemical techniques
were difficult to control which made it difficult to obtain reliable results. However, later on, extensive research
produced by more developed countries had accumulated useful amount of knowledge, and allowed the
applications of electrochemical technologies to be restarted and practiced during the past four decades. At
nowadays the costs of electrochemical treatments are comparable to the costs of other wastewater treatment
technologies. It should be noted that in some cases electrochemical treatment is more efficient than other
conventional technologies. The process does not require additional consumption of chemicals and only electrons
are added to the processes to stimulate reactions. Electrochemical processes include: electro-coagulation,
electro-flocculation, electro flotation, electro-deposition, electro oxidation, electro-disinfection, electro-
reduction etc. The first part of this paper focuses on electrocoagulation, whereas the second part on electro-
flocculation and electro-flotation.

2.1. Colloids

Natural waters and wastewater always contain dissolved and small solid particles. These particles can be
classified into several categories depending on their size; type of solution, colloids and suspensions, as presented
in table 1. The colloidal pollutants in wastewater contain: organic materials, metal oxides, insoluble toxic

compounds, stable emulsions and biotic materials including; viruses, bacteria and algae.

Colloids are a type of mixture that appears to be a solution, but is actually a mechanical mixture. Each colloid

system consists of two separate phases: a dispersed phase and a continuous phase.
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The dispersed phase is made up of tiny particles or droplets that are distributed evenly throughout the
continuous phase. The size of the dispersed-phase particles ranges between 1 nm and 100 nm in at least one
dimension. The colloid particles consist of atoms and molecules. They have surface charges which can be
positive or negative. Those charges can come from: ionized groups (amino or hydroxyl groups), lattice
imperfections in the crystal due to replacement of an atom by an ion that has a different amount of electrons
which results in a charged surface and ionic species that can become adsorbed onto the surface of the colloids
[3]. Examples of colloidal systems include: milk (liquid fat droplets emulsified in water), paints (small pigment
particles dispersed in a carrier fluid), aerosols (liquid droplets dispersed in air) and blood (the cells that flow

through our veins are colloidal particles)

Table 1: Characteristics of particles dispersed in water

System Particle size Particle visibility Particle movement

Solution <lnm Invisible Kinetic

Colloid 1-100nm Ultra-microscope Brownian
Suspension > 100 nm Microscope Convective

2.1.1. Structure of colloids

Colloids can be: hydrophilic (proteins), and hydrophobic (clays, metal oxides). Hydrophilic colloids are
typically formed by large organic molecules. The charge on these molecules originates from the presence of
ionized groups on the molecules that transform the molecules into colloids when placed in solution. As a result
of these charges, the colloidal particles become significantly hydrated and form hydrophilic colloids which are
thermodynamically stable in their hydrated form. Hydrophobic colloids are composed of small particles with no
affinity for water. Their stability is due to the existing charge which attracts other ionic species present in the
water, resulting in the formation of an electrically charged layer around the colloidal particles. If these charged

layers are removed, the particles become thermodynamically unstable and tend to agglomerate spontaneously.

In wastewater, colloids generally have a negative charge and are stable. The charged colloidal particles affect
the ions in the surrounding media causing oppositely charged ions to be attracted towards the surface of the
particle, and the ions of the same charge to be repelled from the surface of the particle. This separation of
charges on the particle surface, results in formation of an electrical double layer, presented in figure 2. The
electrical double layer has been explained by various models from: Helmohltz [4], Stern, Gouy and Chapmen

[5]. Today a combined model is widely accepted.

According to this model, ions with a charge opposite to that of the negatively charged particles’ surface are
tightly attached to the particle by electrostatic forces forming a first inner layer named the Stern or Helmohltz
layer [6]. This layer with fixed charges has a thickness of a single hydrated ionic layer. Additional ions with a
charge opposite to that of the colloid particles, accumulate on the surface of the outer layer (fixed layer), but are

less tightly bound to the colloidal particle and move under the influence of diffusion.
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The Nernst potential is the electrical potential difference between the particle surface and the bulk of the
solution. Zeta potential is the electrical potential difference between the Stern layer and the bulk solution.

Measured zeta potential is defined as the electrical potential difference between the shear plane and the bulk
solution.
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Figure 2: Distribution of charges in electrical double layer

In other words, zeta potential is the potential difference between the dispersion medium and the stationary layer
of fluid attached to the dispersed particle. It should be pointed out that the zeta potential is an indirect measure
of the electrical charge of the colloidal particle. It can be experimentally measured using a microscope to

determine the velocity of a particle moving under an applied electrical potential of known intensity.
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¥, — zeta potential

v — particle velocity

¢ — dielectric constant of the medium

Va — applied potential per unit length
EM — electrophoretic mobility

When the colloidal particles are surrounded by enough counter ions they become electrically neutral.
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This point is called the isoelectric point and at the isoelectric point the zeta potential is zero. By definition,
isoelectric point is the value of pH at which a particle carries no net electrical charge. A classic example in
colloid chemistry is the measurement of zeta potential vs. pH to determine the conditions under which the zeta
potential reaches zero. Stable colloids are those that remain fully dispersed over time, with no degradation or
sedimentation. The stability of colloids comes from electrostatic repulsion between the particles, and it prevents
the aggregation of those particles as well as other particles [7]. Colloid particles do not settle out and cannot be
removed from wastewater by conventional physical treatment processes. To remove the colloids from

wastewater, repulsion must be overcome and the particles must become unstable

2.1.2. Coagulation.

The dictionary definition of coagulation is “to make liquids solid”. For example blood coagulates when it clots.
Eggs coagulate when they are cooked. In principle coagulation is destabilization of colloids by neutralizing the
forces that keep them apart trough introduction of an opposite charge. It is a phenomenon that occurs when the
existing charged particles in the colloidal suspension are neutralized by mutual collision with counter ions added

to the solution that further promote contact between the charged particles.

Once the charge is neutralized the colloidal particles are capable of sticking together. i.e. coagulate. In order to
achieve good coagulation, rapid mixing of the suspension is needed to properly disperse the coagulant and
promote particle collision. There are three main types of coagulants that are used to neutralize the repulsive
forces of particles and allow them to come closer together, i.e. to aggregate. These three main types are:
inorganic electrolytes (alumina, lime, ferric chloride, ferric sulfate etc.), organic polymers and synthetic poly-

electrolytes with cationic and anionic functional groups.

There are four main mechanisms of destabilization of colloids which provoke coagulation:

(i) Compression of electrical double layer. The increase of counter ion concentration in the bulk solution causes
compression of the electrical double layer of the colloidal particles. As the thickness of the electrical double
layer decreases the colloidal particles can come close together more easily and aggregate. Optimal

destabilization is achieved when the zeta potential is close to 0 mV.

(i) Adsorption. This type of destabilization occurs when oppositely charged ions or polymers are adsorbed onto
the surface of colloidal particles. The oppositely charged ions reduce the surface charge and the repulsive forces

among the particles. Destabilization occurs when the zeta potential is close to 0 mV.

(iii) Inter particle bridging. When one polymer chain is adsorbed onto multiple particles, bridging occurs and

molecular weight increases. The zeta potential of destabilized particles is typically not close to 0 mV

(iv) Precipitation. Precipitation means making soluble species insoluble. This type of destabilization occurs
when high concentration of metal counter ions in wastewater form insoluble hydrolysis products. These

products sorb to the colloidal particles and neutralize the surface charge.
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Traditionally the most widely used counter ions in waste and drinking water treatment, which result from
dissociation of added chemicals are: aluminum sulfate Aly(SO4)318H,0, ferric sulfate Fe,(SO,)s, ferrous sulfate
FeSO,7H,0 and ferric chloride FeCls. These chemicals are called coagulants and they produce positive charges.
The positive charge of coagulants neutralizes the negative charge of the colloid particles suspended in the water.
Coagulation occurs when the net surface charge of the particle is reduced to a critical point where the colloidal
particles previously stabilized by electrostatic repulsion can approach each other close enough to allow Van der
Waal’s forces to hold them together and initiate aggregation. It should be pointed out that records have been
found which indicate that old Egyptians and Romans used these techniques of coagulation with Al-hydroxide

and Fe-hydroxide 2000 years before Christ.

For example when Al,(S0O,);18H,0 is added to water, hydrolysis occurs and insoluble aluminum hydroxide is

formed
Al;(S04)318H,0 + 6H,0 — 2AI(OH)3 + 6H* + 3803{ +18H,0 (2

The insoluble Al(OH); is responsible for coagulation

If FeCls is added the following reaction occurs
FeClg +3H,0 — Fe(OH)3 +3H" +3CI’ 3)

The coagulation occurs between the addition of FeCl; and the formation of Fe(OH);. Coagulation can
successfully remove a large amount of organic compounds present in the water as dissolved organic carbon
(DOC), suspended particles of inorganic precipitates, parts of viruses (27 — 84%) and bacteria (32 — 87%) [8-
10]. In a wastewater treatment facility, the coagulant is added to the wastewater and it is rapidly mixed, so that
the coagulant is circulated throughout the entire volume of the water. The colloids begin to agglomerate, then

flocculate and finally settle to the bottom of the tank.
2.2. Electrocoagulation

Electrocoagulation EC is not a new technique. The process was originally developed and patented in 1906 by
Dietrich to treat bilge water from ships [11]. However, this process was never adopted due to lack of legislation
concerning marine discharges. Later, in 1909, electrocoagulation with aluminum and iron electrodes was
patented in the USA, as described in ref. [2].

The treatment of wastewater by electrocoagulation was increasingly practiced in the 20" century, but with
limited success and popularity. Some new theoretical knowledge of EC was reported in 1946 [12] and in 1947
[13]. In the last decade, electro-coagulation has been optimized to minimize electrical power consumption and
minimize effluent throughput rate [14-19].
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This technology has been increasingly used for treatment of different types of industrial wastewater containing:
suspended particles [20-22], clay and clay minerals [23,24], chemical and mechanical polishing waste in
wastewater [25,26], organic compounds: fats, oils, alcohols and grasses [27-31], foodstuff [32,33], synthetic
detergent effluents [34], heavy metals [35-39], bacteria, algae and larvae [40,41], textile wastewater [42,43],
latex particles [44], laundry wastewater [45], decolourization of dye and cotton dye [46,47], COD, BOD and
TOC reduction [48-50], tannery wastewater [51] wastewater from slaughter-houses [52], for removing metals
such as: Mn, Cu, Zn, Ni, Al, Fe, Co, Sn, Mg, Se, Mo, Ca etc., [53-55]. EC has also been used in removing
anions such as: CN", PO,*, SO,%, NOg, F" and CI [56-59]. Electrocoagulation generally refers to the electrolytic
generation ofcoagulating metal ions, Al and Fe, which make colloidal particles larger so they can be filtered out
fromthe water. The gas (H,) released at the cathode plays no part in the pollutant removal. Electrodes which
produce coagulants into water are made either from aluminum or iron. The principle of electro-coagulation is
the same as in chemical coagulation [60]. The difference is only in the way that the coagulant is added. In the
electro-coagulation process the coagulant is generated in situ by electrolytic oxidation and reduction occurring
at the appropriately chosen electrodes in an electrochemical reactor. The system is connected to an external
power source and as the process of oxidation occurs sacrificial anodes are corroded and release coagulant
cations in the reactor where wastewater is the electrolyte. In reality electrocoagulation is the electrochemical
production of destabilization agents such as Al and Fe ions that neutralize the electric charge of the colloidal

particles.

Aluminum cations dissolve from the anode according to the reactions [61]

Anode

2 ) 4)
AI(S) — Alyg + 3e
Cathode

i} _ 5
3H,0() +3€” = 30H g +3/2H g ®)

The evolution of hydrogen bubbles serves to promote flotation in EC reactors. The electrolytic dissolution of the

Al anode produces AIR* jons which immediately undergo spontaneous hydrolysis reactions that generate

various monomeric species according to the following reactions, governed by solution pH

In acidic electrolytes

A|3+ + H20(|) e Al(OH)%;(—q) + H_('—aq)

Al(OH)(ZaE) +H0¢) = AKOH)JZr(aq) +Hiag) ©)

241



American Scientific Research Journal for Engineering, Technology, and Sciences (ASRJETS) (2015) Volume 14, No 2, pp 233-257

Al(OH);(aq) + H20(|) - Al(OH)3(S) + H-('—aq)

Or overall reaction is

3
Al(;a) +3H20 - Al(OH)3() + SHZ'aq) (7
In alkaline electrolytes
Al?;q) +3(0H)” - AlI(OH)3( (8)

If the initial pH is about 9 or higher, it will decrease during the EC process due to the formation of aluminate

AI(OH)Zz which is an alkalinity consumer [32,33]

Al(OH)3(s) +OH (3g) = Al(OH) 4(aq) ©

Highly charged cations destabilize any colloidal particle by forming polyvalent poly-hydroxide complexes.
These complexes have high adsorption properties and form aggregates with pollutants. The hydrolyzed Al ions

can form large networks of Al-O-Al-OH that can chemically adsorb pollutants. Under appropriate conditions

can form large networks of Al-O-Al-OH that can chemically adsorb pollutants. Under appropriate conditions
various forms of charged multimeric hydroxo ARt species may be formed as well. For example the structure of

dimeric and polymeric ARt hydroxo complexes are shown below

H
|
o H '0) n+
/N 4+ Nlar” N\
(H2O)4 Al Al(Hy0)4 Al Al-OH- Al (10)
H

The gelatinous charged hydroxo cationic complexes can effectively remove pollutants by adsorption to produce

charge neutralization.
For an iron anode two mechanism have been proposed for the production of Fe(OH), where n = 2 or 3 [41,60]
Mechanism 1

Anode

4Fe( — 4Fe%a+q) +8e” (11)
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4Fe%;q) +10H,0 ) + 03(g) —> 4Fe(OH)3() +8H zq) (12)
Cathode
(13)

+ —

Overall
4Fe ) +10H,0p + O 4Fe(OH 4H (14)
e(s) *10H20(p) + O(g) = 4Fe(OH)3(5) +4H(g)
Mechanism 2
Anode
2 —
Fe(s) - Fe(aa) +2e (15)
Bulk solution reaction
_ (16)
FE(Za-a) + ZOH(aq) —> FE(OH)z(S)
Cathode
_ 17
2H20()y = Hz(g) +20H 4 (n
Overall
FE(S) +2H 20(|) —> Fe(OH)Z(S) + H2(g) (18)

The Fe(OH), ) remains in the aqueous phase as a gelatinous suspension, which can remove the pollutants from
the wastewater by either complexation or by electrostatic attraction followed by coagulation. In the surface

complexation mode, the pollutant acts as a ligand (L) to chemically bind hydrous iron

L- H(aq) (OH)OFG(S) ->L- OFE(S) + H20(|) (19)

The H, produced from redox reactions can remove organic pollutants or any suspended materials by flotation. In

acidic electrolytes and in the presence of oxygen, Fe3* ions can be formed
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2+ 3+ -
Fe(aq)+02+2H20—> 4Fe(s) +40H (20)

The pre-hydrolysis of Fe3* cations also leads to the formation of reactive clusters for wastewater treatment.

Fe3* cations may also undergo hydration and depending on the pH of the solution the following species can be

formed:

Fe?;{:]) + H20(|) - FE(OH)(Za-a) + 2H-('-aq)

3
FE(;(—]) + 2H20(|) e d Fe(OH);—(aq) + ZH-(Faq) (21)

Fe:(?(-]) +3H20(|) d FE(OH)3 +3H-('-aq)

The formed amorphous Fe(OH); has a large surface area which is beneficial for rapid adsorption of soluble

organic and inorganic compounds and trapping of colloidal particles.

In alkaline electrolytes

Fef;a) +30H" — Fe(OH)(5) 22)

Under alkaline conditions Fe(OH)g and Fe(OH)Z ions may be also present. The nascent ions of AP and Fe®*

are very active coagulants for colloidal suspensions and for particulates flocculating. In addition, the oxygen
evolution reaction occurs which is more accentuated for Al than for Fe anode [63]. Then, particles bond together
like small micro-magnets and form an agglomerated mass. During the electrocoagulation there are multiple
electrochemical processes occurring simultaneously at the anodes and cathodes [64]. Evolution of gaseous

bubbles, i.e. oxygen at the anode and hydrogen at the cathode, occurs as a result of water decomposition.
2H»0 - 09 +4H  + 4e~ (23)

The reaction of the cathode is

2H50 > Hy +20H -2¢” (24)

These electrode reactions also produce the highly chemically reactive OH ions and superoxide HO, radicals

(which react with metal ions and form hydroxides) [65,66]
2.2.1. Parameters affecting electrocoagulation

In order to select the use of electrocoagulation, the method must be more cost-effective when compared to other
classical processes for wastewater treatment. In electrocoagulation there are various parameters that affect the

efficiency of the process, some more than others.
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But the key parameters are: electrode materials, pH of the solution, concentration of anions, current density,
electrode potential, concentration of pollutants, temperature and time of treatment. There also are some less

influential parameters.

(i) Electrode materials define the type of electrochemical reaction that will occur in the EC processes. The
anode can be Al or Fe plate whereas the cathode is an inert material such as: steel, stainless steel, platinum
coated titanium etc. [67]. In some cases the anode and cathode are built from the same material; Al or Fe [68].
The influence of different combinations of Al and Fe electrodes on the EC efficiency has been studied by the
authors in ref. [69]. The electrode material impacts the performance of the EC reactor, especially the anode,
which determines the type of cations released into the solution. However, in literature data, there is still
controversy with respect to the dissolution mechanism of the anode. In all existing publications Al dissolves as
Al (I11), whereas Fe dissolves either as Fe (I1) or Fe(l11) [70,71]. The authors in ref. [72] reported that Fe(l11) is a
much better coagulant compared to Fe (I1) due to lower solubility of the hydroxides and a higher positive
charge. It is difficult to determine which electrode material is superior. In some cases Al electrodes are superior,
whereas in other cases iron anodes are superior. It seems that the optimal selection of the electrode material
depends on the type of pollutant present in the wastewater. From literature review it appears that Al is superior
compared to Fe, but Al is more expensive that Fe. The relationship between the size of the cations released in
solution and the efficiency of the removal of organic waste was reported in ref. [73]. The Authors concluded

that the size of the Fe** ions is bigger (10 — 30 um) compared to AI**

(0.01-1 pum). It was also shown that there
was a positive correlation between the ion size and the removal efficiency. The efficiency of iron, aluminum and
stainless steel electrodes in the removal of cooper(ll), chromium(VI) and nickel(1l) from metal plating effluent
was studies in ref. [74]. It was also reported that Cr(I11) precipitation was due to the presence of Fe(OH);z and its
removal could be facilitated by the electro-generated Fe(ll), reduced at the cathode. The removal efficiency of
color and COD has been studied using Al and stainless steel electrodes [75]. The authors reported that electrical
energy consumption and sludge production rate were lower for stainless steel (8 KWh and 700 g/m?) compared

to Al (17 KWh and 8200 g/m®).

The sulfides removal from wastewater from a fowl slaughterhouse using inexpensive cast-iron and more
expensive Al anodes, as well as a combination of cast-iron and Al plates has been studied by the authors in ref.
[76]. They noticed that the strong odor of the wastewater disappeared only when the cast-iron electrodes were
used. During electrolysis the anodic plates undergo corrosion, liberating Fe (I1) ions which react with the sulfide

ions, producing a black precipitate of Fe (1) sulfide.

(25)
2 2—
Fe (‘;(_1) + S(aq) - FeS(S)

This reaction explains that in the first few minutes of electrolysis the color of the wastewater, which was
initially pale yellow, changed to grey, due to the black color of the Fe (lII) sulfide. The color change coincides
with the disappearance of the strong odor. After about 15 min. of electrolysis, the color continues to change and
becomes reddish, due to the formation of iron (II) hydroxide. The reddish corrosion products are reported in
more detail in ref. [63]. An experimental study of the sulfides removal from aqueous solution by

electrocoagulation was also described in ref. [77].

245



American Scientific Research Journal for Engineering, Technology, and Sciences (ASRJETS) (2015) Volume 14, No 2, pp 233-257

In this ref. two types of anode material, aluminum and mild steel, were investigated in relation to anodic
dissolution, removal efficiency and energy consumption. It was shown that compared to aluminum, iron based
anodes provide higher removal efficiencies, and have lower energy requirements and electrical operating costs.
The other authors reported that the best sulfate removal efficiency was achieved with six plate aluminum
electrodes in an electro-coagulator reactor with a voltage of 30 V, pH = 11 and time of treatment of 30 min.
[78]. The advantage of the Al electrode for removal of Zn(ll), Cu(ll), Ni(ll), Ag(l), Cr(VI) from wastewater by
EC was also proposed in ref. [53]. All these cations were removed by hydrolysis and co-precipitation. For

example Cr(V1) was first reduced to Cr(l11) and then precipitated as a hydroxide.

(if) pH and concentration of anions. Some of the most important parameters in EC are the pH of the solution
and the concentration of the anions [79,80]. These two parameters affect the conductivity of the solution, the
dissolution of electrodes and formation of hydroxides [76]. In contrast to chemical coagulation, in EC treatment
with Al electrodes the value of pH increases when the wastewater is in an acidic, neutral or slightly alkaline
regime. This pH increase is due to reactions between AI** and other anions present in the wastewater, as well as
the formation of AlI(OH); near the anode surfaces. The increase of pH is also due to evolution of hydrogen on
the cathode. In stronger acidic mediums (pH about 2), the produced alkalinity by the EC is not sufficient enough
to increase the pH of the solution significantly, whereas at higher pH (about 3), the alkalinity rises measurably

during the treatment [81].

There are some pollutants, such as phosphorous and some metal cations, which have a specific efficiency of
removal that depends on the pH, [82]. The highest removal efficiency was observed at pH = 3. When Fe

electrodes were used for pH values higher than 3, the removal rate was very slow due to the formation of

Fe(OH); and the increased solubility of FePO,. For higher pH values, more OH™ ions are present to compete

with po3—and therefore less FePO, is formed [83]. According to authors in ref. [80], pH increases more in

sulfate than in chloride solutions. Sulfate can replace hydroxyl ions in the hydroxide precipitates and therefore
less hydroxyl ions are bound to hydroxides. The relationship between the increase of pH and alkalinity with
increase in temperature and the time duration of electrolysis was investigated by the authors in ref., [84]. They
reported that during the EC, de-colorization and COD removal were 75.4% and 84.6% respectively, for a
treatment time of 25 min. According to the authors in ref. [85], in general, for EC processes, the optimal pH
values of wastewaters range from 6.5 to 7.5. The formation of Al or Fe dimers from the monomer on pollutants

in the water is most efficient at pH ~ 5.5 to 7.

(iii) Current density and time of treatment. Current density and time of treatment are two parameters which
define a quantity of electricity that has passed through the electrocoagulation reactor, which is directly related to

I** and Fe?* ions from the corresponding electrodes, and the cost of the process. The

the quantity of dissolved A
current density is directly proportional to the rate of the electrochemical reactions and has an influence on the
voltage between the anodes and cathodes. The efficiency of the current density can be calculated using
Faraday’s law. For Al and iron anodes, dissolution is the primary reaction when pH is neutral or slightly acidic
[86]. For alkaline solutions the dissolution rate of iron anodes can be lower than the theoretical value calculated

using Faraday’s law. This indicates that other side reactions occur [86].
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The current density influences the design of the reactor dimensions as well. For higher current densities the
reactor dimensions are smaller. However, very high current densities diminish the process efficiency because a
major part of the electricity is transformed into heat energy causing temperature increase of the treated

wastewater.

It should be noted that the total amount of coagulant dissolved electrochemically can include also chemical
dissolution of electrodes at low pH values. Several studies have reported current yields higher than 100% for
dissolving Al electrodes where Al plates were used for both the anode and cathode [64]. This is probably due to
the dissolution of the cathode during the EC process and it can occur when the pH on the cathode surface

decreases as a result of the formation of OH™ or it can be caused by the consumption of hydronium ions.

At higher pH aluminum dissolves as aluminate

2A|(5) +6H20+ ZOH(aq) - 2[AI(OH)4](_aq) +3H 2(9) (26)

Comparative studies of hydrogen evolution from Al and stainless steel cathodes have shown that hydrogen
evolution on stainless steel followed Faraday’s law. On the other hand, tests with Al cathodes have shown that
hydrogen evolution is higher due to the chemical dissolution of Al according to reaction (27). For example the
current efficiency at the Al electrode could be 120% - 140% as a result of pitting corrosion in the presence of CI°
It is recommended that for EC a current density between 20 and 25 A/m? should be applied. At these current
densities the EC system will operate for a long period of time without requiring maintenance. However, the
recommended current densities are not universal and should be changed depending on the type of cations and
anions present in the wastewater. The authors in ref. [87] concluded that in EC processes the Cr was completely
removed from solution after 45 min. at a lower current of 0.05 -0 1 A. At higher currents, 1-3 A, Cr
concentrations decreased at a slower rate. The removal of Cr, Pb and Zn from wastewater in the billet industry
has an efficiency of 99% for a current density of 98 A/m? pH =5 and 30 min. of electrolysis time [45]. Using
Al and stainless steel electrodes, the authors in ref. [88] studied color and COD removal from a disperse dye
bath using chemical and electrochemical processes. The EC treatment removed the color and COD
instantaneously at a pH of 7 and a current density of 44 mA/cm?. The successful reduction of heavy metals: Cr,
Cu and Ni by treating galvanized wastewater has been realized for pH values higher than 5. The current used in
this treatment was 0.2 A for Fe electrodes and 1.5 A for Al electrodes with a power consumption of 9 KWh/m®
[87]

(iv) Temperature can have a negative or a positive effect on the removal efficiency of pollutants in the EC
processes. The effects of temperature have been studied in a few articles [69,89,91]. In general, higher
temperatures resulted in higher conductivity of the wastewater and consequently smaller energy consumption
during the electrolysis. The Authors in ref. [69] have reported a negative effect of temperature on the removal
efficiency of an electrocoagulation process used in the treatment of heavy metals containing solution. In most
cases where temperature is being considered as an electrocoagulation factor, it is important to find out what
factors contribute temperature change during the process, especially when it is carried out at ambient

temperature.

247



American Scientific Research Journal for Engineering, Technology, and Sciences (ASRJETS) (2015) Volume 14, No 2, pp 233-257

For example the removal of phosphate from wastewater by EC, using aluminum, aluminum alloy and mild steel
anodes was studied by authors in ref. [90]. These authors have found that the removal efficiency was 29% lower
at 20 °C than at higher temperatures. This could be attributed to the low dissolution rate of anodes at lower
temperature. For wastewaters containing oils it was found that the smallest energy consumption occurred at
temperatures close to 35 °C. The effect of temperature on electrocoagulation was investigated in ref. [92] by
electrocoagulation and coagulation during the pretreatment of palm oil mill effluent. It was shown that the
temperature can affect the electrocoagulation process in many ways such as rate of reactions, solubility of metal
hydroxides, liquid conductivity, and kinetics of gas bubbles, or small colloidal particles. Temperature is not
straightforward because there are many competing mechanisms in an electrocoagulation process. The bubble
formation was one of the major characteristics of electrocoagulation treatment and an increase in temperature
might be expected to have a negative effect due to a corresponding increase in kinetic energy and random
motion of the gas bubbles. The increase in the random motion of the gas bubbles and small colloidal particles
could interfere with the processes of oil droplet coalescence and attachment of oil onto flocks. The effect of
varying temperature from 20 to 50 °C has been studied in ref. [93]. It was observed that the increase in
temperature causes an increase in removal efficiency for phosphate from wastewater using Al electrodes. This
may be attributed to the increase in the mass transferred of A"* from the anode surface to the solution bulk and
the increase of the rate of AI** hydrolised to AI(OH),. But increasing the temperature above 50 °C was found to

be uneconomic as there was a slight change in the rate of the reaction and the percentage of removal.
2.3. Limitation and open questions

Today electro-coagulation EC technique is widely used in treating industrial, rural, and sewage wastewater,
remediation of surface and groundwater effluents as well as landfill leachate, but with variable success and
certain limitation, especially in optimization and processes tuning. This technique is also used for cleaning of
drinking water in smaller cities where the installment of big equipment’s has not economic justification. EC
demonstrate superior performance for treatment of different types of industrial wastewater as: electroplating,
foodstuff and nutrients, slaughterhouse, textile, cosmetic, distillery, tannery, pulp and paper industry, synthetic
detergent effluents, heavy metals etc. It is also very efficacy in removal of day and colored water, oil, grasses,

inorganic and organic pollutants and pathogens.

In many cases this process has capability to overcome the disadvantage of the other treatment technologies. EC
is still an emerging technology which contains complex and multitude of mechanisms operating synergetically
in combination with electrochemistry, polymer and surface chemistry, physicochemical properties of pollutants
and effluents etc. However, a quantitative appreciation of the mechanisms of interaction between these branches
of industrial technologies employed in an EC system generally is absent. So far many works have been
consecrated to the EC operating conditions. These conditions mostly depend on the chemical constituents and
their concentrations containing wastewater, conductivity of wastewater, pH, particle size, types of electrode
used, applied voltage, current density, retention time between electrode plates, plate spacing and number of

electrodes. Oppositely, the works consecrated to the EC application in industry is limited.
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However in any case the range of feasible EC applications is in progress and expanding. In a vast majority of
studies the optimal parameters are proposed as: (i) optimal treatment time in the range 5-60 min (the time of
sedimentation is not taking into account), (ii) optimal current density more varied and to be in the range 10-150
A/m?, (iii) optimal pH range was mostly founds to be close to the neutrality, (iv) the most used electrodes are Al
and Fe. (iv) For lowering the cost of EC process it is necessary to minimize the current IR drop for enhancing

the current efficiency.
The open questions and limitation for larger application of EC process still are:

o It is still empirically optimized process. For each type of wastewater it is necessary firstly in laboratory
conditions to optimize the working parameters. There is no yet generally the basic fundamental knowledge how
to optimize the working parameters for each type of wastewater.

) No clear which electrode materials should be used. For the removing the same pollutants from
wastewater various electrode materials have been proposed

o No dominant reactor design exists. Materials for construction varied and adequate scale-up parameters

have not been yet defined.

o There is no a logical systematic approach to the mathematical modeling of EC reactors

o No detailed effects of the electrical field gradient on the interfacial and solution reactions were
determined.

o No generic solution with passivation of electrodes. The formed passive films on electrode surfaces

have semi-conducting properties and diminished the current efficiency

The potential of EC technology as a waste water treatment alternative is not yet fully realized. More
fundamental knowledge for engineering design is required. In any case this technology will continue to make

inroads into the waste water treatment because it is eco-friendly technology and has numerous advantages.

3. Conclusion

From the presented theoretical and practical literature knowledge of some electrochemical methods in

wastewater treatment, the following conclusions can be drawn:

o The application of advanced electrochemical technologies in wastewater treatment in many countries is
still in an embryonic phase, but the significant progress achieved in the last 20 years is evident. These
technologies in many cases become alternative, more efficient, faster and chipper than the classical ones. The
advantages of electrochemical technologies are: simple equipment, smaller processing area, convenient
operation, clean energy conversion, using renewable energy sources, and no chemical requirements for
coagulation, sedimentation, floc generation and flotation.

) Of all the electrochemical technologies used in wastewater treatment, electrocoagulation is the most

efficient method with many advantages, and disadvantages that have a lesser effect.
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The main advantages are: (i) Simple equipment, small land area, low initial investment, low operational costs
and easy to operate. (ii) The electrolytic process is easily controlled only by varying the applied voltage and
current density. (iii) Lower maintenance requirements (iv) Low quantities of produced sludge, which is easy to
dewater and it tends to be readily settable. (v) High efficiency in removing the smallest colloidal particles due to
the applied electrical field that sets them in faster motion and thereby facilitates coagulation (vi) Possibility for
removal of a large variety of multiple contaminants in wastewater. (vii) Rarely requires small quantities of
chemicals, only for augmentation of the conductivity, so there is no problem with neutralization of excess
chemicals and secondary pollutants. The main Disadvantages are: (i) Depending on the electrode material, oxide
films can form on the cathode which reduce the active electrode surface area and conductivity, reducing the
process efficiency. (ii) High conductivity of wastewater is required. To lower the cost of electrocoagulation,
electro-flocculation, and electro-flotation, it is necessary to minimize the IR drop which will enhance the current
efficiency. The IR drop should be minimized by decreasing the distance between the electrode plates, i.e. using
a higher number of plates positioned at smaller distances. (iii) Maintenance and regular replacement of the
sacrificial anodes. (iv) Evolution of oxygen at the anodes sometimes represents unwanted leakage of current.
This problem can be minimized by the choice of an anodic material that has high over potential for oxygen

evolution. (v) In some countries the use of electricity may be expensive.
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