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A B S T R AC T

In drinking water treatment, coagulation is the most common process to remove particles and 
impurities. It is described as the process whereby particles are destabilised by dosing a chemical 
additive (coagulant) where charge neutralisation (CN) and sweep coagulation (SC) are the major 
mechanisms. Due to the encountered diffi culties in natural organic matter (NOM) removal, the 
concept of enhanced coagulation (EnC) was introduced to increase NOM removal where CN 
is more accentuated. EnC must be well optimised to overcome its practical considerations such 
as adjusting the pH of the source water and residual metal concentration in the treated water. 
In the last three decades, there is new tendency to use electric fi eld/electrochemistry in some 
chemical processes especially chemical coagulation (CC). Indeed, literature has proved that elec-
trocoagulation (EC) is a promising water treatment technology. During EC process, there are 
two induced phenomena: electrophoresis (EP) and electrofl otation (EF); separately, they are well 
known in electrochemistry’s applications and well developed technically and mathematically. 
How important are these inherent phenomena in EC process effi ciency, constitutes the main aim 
of this review. Moreover, this paper tries to discuss some aspects of coagulation/fl occulation, EP, 
EF, and EC. Since EP depends upon DC electric fi eld, using anode and cathode as for EC for which 
the anode is sacrifi cial, it takes place in the EC device and contributes to its performance. Indeed, 
the fi rst responsible mechanism of EC performance is the migration to an oppositely charged 
electrode, i.e., EP, and aggregation due to CN. Hence, EP contributes essentially to EC effi ciency 
as EF does with H2(g) bubbles liberation from the cathode. The EF’s contribution may be increased 
when O2(g) is produced from the anode, at the same time with metal ion liberation. However, as EC 
process is in fact the combination of these three simultaneous processes need more mathematical, 
technical, and practical studies to quicken its industrial application at a large scale.

Keywords:  Colloid; Coagulation; Charge neutralisation; Electrocoagulation; Electrophoresis; 
Electrofl otation

1. Introduction

Under the proposed disinfectants/disinfection by-
products (D/DBP) Rule, the US environmental protection 
agency (USEPA) has developed regulations for DBPs [1]. 

Removal of natural organic matter (NOM)—a precursor 
of trihalomethanes (THMs) and other DBPs – is one of the 
primary objectives of this rule [2] which has set a maxi-
mum contaminant level (MCL) of 80 μg L−1 for THMs 
and 60 μg L−1 for fi ve haloacetic: acids (HAA5) [3]. In 
addition, parasitic protozoa as agents of waterborne dis-
ease are of major concerns to water utilities using surface 
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water sources. Outbreaks of giardiasis and cryptospo-
ridiosis in the United States have increased the focus on 
how effi ciently fi ltration plants remove particles (Fig. 1) 
in the micron size range [1]. The USEPA has developed 
the enhanced surface water treatment rule (ESWTR), 
which expands the scope of the current surface water 
treatment rule (SWTR) to include Cryptosporidium [1].

Coagulation with hydrolysing metal salt coagulants 
[4–6], such as alum and ferric chloride (FC) [7], followed 
by sedimentation and granular fi ltration—and chlori-
nation: all these processes constitute the conventional 
water treatment technology, has traditionally been used 
to remove suspended particles, which cause turbidity, 
from source water [1,8]. enhanced coagulation (EnC) uses 
higher dosages of metal salt coagulant, adjusts the pH 
of the source water, or both to remove NOM in addition 
to suspended particles [9,10]. EnC has been specifi ed by 
USEPA as best available technology for NOM removal. 
How effectively coagulation removes NOM [11,12] and 
particles depends on several factors, including coagulant 
type and dosage, particle and NOM properties, solution 
chemistry (e.g., pH and presence of divalent cations), and 
the effi ciency of the subsequent solid-liquid separation 
processes, most notably granular (deep-bed) fi ltration.

EnC effi ciently removes NOM from source water. How-
ever, systematic research on the simultaneous removal of 
particles and THM precursors by EnC is limited. In their 
article, Vrijenhoek et al. [1] reported results of a pilot-scale 
investigation of EnC for the removal of particles and THM 
precursors from two natural water sources, colorado river 
water (CRW) and california state project water (SPW) 
(Table 1). The implications of the results for current and 
pending regulations pertaining to particles and DBPs are 
discussed. On the basis of the results of these investiga-
tions [1], the following conclusions are drawn:

1. Effective removal of particles (residual turbidities 
<0.1 NTU) was achieved at alum doses of 20–60 mg l–1. 
At these dosages, sweep coagulation (SC) was the 
predominant particle removal mechanism for both 
water sources. A further increase in coagulant dosage 
had little effect on particle removal.

2. Removal of particles (>2 μm) was generally consis-
tent with the behaviour of turbidity reduction. Par-
ticle counting, however, provided more information 
on the overall effi ciency of the solid-liquid separation 
process.

3. Optimal removal of THM precursors was obtained at 
pH 5.5. At this pH, humic substances (HSs) are likely 
to be removed by formation of insoluble aluminium-
humates complexes (at a low alum dosage) and 
adsorption to aluminium hydroxide precipitates (at 
high alum dosage).

4. Total organic carbon (TOC) and UV254 reduction by 
chemical coagulation (CC) was lightly dependent on 
the humic fraction of NOM and thus on the source 
water. The ratio of UV254 to TOC - specifi c ultravio-
let absorbance (SUVA) - is a good surrogate for the 
humic fraction of NOM.

5. SUVA decreased as THM precursors were removed 
with the addition of a metal salt coagulant. When the 
decrease in SUVA became small with continued addi-
tion of the metal salt coagulant, the removal of THM 
precursors improved only marginally with increas-
ing coagulant dosage.

6. EnC does not benefi t source water with low SUVA. 
Such water, however, may not form elevated concen-
trations of DBPs because of the low reactivity of the 
NOM (i.e., a low humic fraction in NOM).

7. Water sources with elevated Br – concentrations (such 
as SPW) form a higher percentage of brominated 

Fig. 1. Typical size ranges of particulate material and the 
wavelengths of different forms of electromagnetic radia-
tion. The conventional boundary between colloidal and sus-
pended matter is at 1 μm. Appropriate solid–liquid separation 
processes for different particle sizes are also shown [32].

Table 1
Water quality characteristics of olorado River water (CRW) 
and California State Project water (SPW) [1]

Parameter SPW CRW

Turbidity (NTU) 1.1−3.5 0.64−1.7
EM (μm s−1 V−1 cm) −1.13 to −1.51 −0.84 to −1.29
pH 7.85−8.20 8.13−8.34
TOC (mg l−1) 3.79−3.94 2.41−2.68
THM formation 
potential (μg l−1)

378−403 100−127

Alkalinity 
(mg l−1 as CaCO3)

74−75 132−135

Hardness 
(mg l−1 as CaCO3)

106−112 287−293

UV absorbance at 
254 nm (cm−1)

0.115−0.119 0.033−0.038

Bromide (mg l−1) 0.3 0.07
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DBPs. The percentage of brominated THMs increases 
as the coagulant dosage increases because of the 
increase in the Br-:TOC ratio [1].

EnC must be well optimised to overcome its practical 
considerations (such as EnC uses higher dosages of metal 
salt coagulant, adjusts the pH of the source water, or both 
to remove NOM in addition to suspended particles, and 
residual metal concentration in the treated water) [1].

In our recent paper [13], we have largely reviewed 
NOM removal and EnC as a link between CC and elec-
trocoagulation (EC). Some advantages and disadvan-
tages of each process are there discussed [13]. Table 2 
presents the main mechanisms for coagulation, EnC, 
and EC [13]. For EC, the fi rst mentioned mechanism is 
the migration to an oppositely charged electrode, i.e., 
electrophoresis (EP), and aggregation due to charge 
neutralisation (CN).

However, in the next sections we will discuss some 
aspects of coagulation/fl occulation (C/F), EP, EC, 
and electrofl otation (EF). How important are the two 
induced phenomena – EP and EF – in EC process consti-
tutes the main aim of this review.

2. Coagulation and fl occulation

Coagulation and fl occulation constitute the back-
bone processes in most water treatment plants (WTPs) 
[14,15]. Their objective is to enhance the separation of 
particulate species in downstream processes such as 
sedimentation and fi ltration. Colloidal particles and 
other fi nely divided matter are brought together and 
agglomerated to form larger size particles that can sub-
sequently be removed in a more effi cient fashion. The 
traditional use of coagulation has been primarily for the 
removal of turbidity from potable water [16]. However, 
more recently, coagulation has been shown to be an effec-
tive process for the removal of many other contaminants 
that can be adsorbed by colloids such as metals, toxic 
organic matter (OM), viruses, and radionuclides [17]. 
EnC is an effective method to prepare the water for the 
removal of certain contaminants in order to achieve 
compliance with the EPA newly proposed standards. 
These contaminants include arsenic [18], emerging 
pathogens such as Cryptosporidium and Giardia [19], and 
humic materials [20,21]. HSs are the precursors of THMs 
and other DBPs formed by disinfection processes [22].

Letterman et al. [23] divided the coagulation process 
into three distinct and sequential steps:

1. Coagulant formation;
2. Particle destabilisation;
3. Interparticle collisions.

The fi rst two steps are usually fast and take place in a 
rapid-mixing tank. The third step, interparticle collisions, 
is a slower process that is achieved by fl uid fl ow and slow 
mixing. This is the process that causes the agglomeration 
of particles and it takes place in the fl occulation tank. 
Coagulation is usually achieved through the addition of 
inorganic coagulants such as aluminium- or iron-based 
salts, and/or synthetic organic polymers commonly 
known as polyelectrolytes [24–26]. Coagulant aids are 
available to help in the destabilisation and agglomeration 
of diffi cult and slow to settle particulate material [14].

2.1. Properties of colloidal systems

Colloids are very small particles that have extremely 
large surface area. Colloidal particles are larger than 
atoms and ions but are small enough that they are usu-
ally not visible to the naked eye. They range in size from 
0.001 to 10 μm resulting in a very small ratio of mass to 
surface area. The consequence of this smallness in size 
and mass and largeness in surface area is that in colloi-
dal suspensions [17]:

1. Gravitational effects are negligible, and
2. Surface phenomena predominate.

Because of their tremendous surface, colloidal par-
ticles have the tendency to adsorb various ions from 
the surrounding medium that impart to the colloids an 
electrostatic charge relative to the bulk of surrounding 
water [27]. The developed electrostatic repulsive forces 
prevent the colloids from coming together and, conse-
quently, contribute to their dispersion and stability [28].

2.1.1. Electrokinetic properties

The electrokinetic properties of colloids can be attrib-
uted to the following three processes [17,23]:

1. Ionisation of groups within the surface of particles.
2. Adsorption of ions from water surrounding the 

particles.
3. Ionic defi cit or replacement within the structure of 

particles.

Organic substances and bacteria acquire their sur-
face charges as a result of the ionisation of the amino 
and carboxyl groups as shown below:

R–NH3
+ → R–NH2 + H+ (1)

R–COOH → R–COO − + H+ (2)

The resulting charge on the surface of such particles 
is a function of the pH. At high pH values or low hydro-
gen ion concentrations, the above reactions shift to the 
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 Table 2
Main mechanisms for coagulation, EnC, and EC [13]

Process Main mechanisms

Coagulation (coagulant dosing) Particles presence:
1.  CN of the negatively charged colloidal particles by 

adsorption of positively charged coagulant species.
2.  SC of colloids in precipitated Me(OH)3 solids (Al(OH)3, 

Fe(OH)3).

NOM presence:
1.  Complexation of NOM with dissolved metal coagulant 

species (Al or Fe), leading to direct precipitation of a Me-
NOM solid phase.

2.  Complexation of NOM with dissolved coagulant species, 
leading to adsorption of this complexed material onto 
precipitated Me(OH)3 solids.

3.  Direct adsorption of NOM onto the surface of precipitated 
Me(OH)3 solids.

Particles and NOM presence:
1.  Dissolved coagulant species present upon coagulant 

addition.
2. Presence of precipitated metal hydroxide solids.
3. Concentration of particles and NOM.
4.  Chemical properties of these contaminants and their 

reactivity with dissolved coagulant species.
5.  pH of coagulation, which is affected by the chemistry of 

the coagulant and the alkalinity of 
the water.

EnC (increased coagulant dosing) Particles presence:
1.  More CN of the negatively charged colloidal particles by 

adsorption of positively charged coagulant species.
2.  More SC of colloids in precipitated Me(OH)3 solids 

(Al(OH)3, Fe(OH)3).

NOM presence:
1.  More complexation of NOM with dissolved metal 

coagulant species (Al or Fe), leading to direct precipitation 
of a Me-NOM solid phase.

2.  More complexation of NOM with dissolved coagulant 
species, leading to adsorption of this complexed material 
onto precipitated Me(OH)3 solids.

3.  More direct adsorption of NOM onto the surface of 
precipitated Me(OH)3 solids.

Particles and NOM presence:
1.  More dissolved coagulant species present upon coagulant 

addition.
2. More presence of precipitated metal hydroxide solids.
3. Concentration of particles and NOM.
4.  Chemical properties of these contaminants and their 

reactivity with dissolved coagulant species.
5.  pH of coagulation, which is affected by the chemistry of 

the coagulant and the alkalinity of the water.

(continued)
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right and the colloid is negatively charged. At a low pH, 
the reactions shift to the left, the carboxyl group is not 
ionised, and the particle is positively charged due to the 
ionised amino group. When the pH is at the isoelectric 
point (IEP), the particle is neutral, i.e. neither negatively 
nor positively charged. Proteinaceous material, contain-
ing various combinations of both amino and carboxyl 
groups, are usually negatively charged at pH values 
above 4 [23].

Oil droplets adsorb negative ions, preferably 
hydroxides (OH−), from solution and, consequently, 
they develop a negative charge [27]. Some other neutral 
particles adsorb selected ions from their surrounding 
medium such as calcium (Ca2+) or phosphate (PO4

3−) 
ions rendering them either positively or negatively 
charged, respectively.

Clays and other colloidal minerals may acquire a 
charge as a result of a defi cit or imperfection in their 
internal structure. This is known as isomorphic replace-
ment [23]. Clays consist of a lattice formed of cross-
linked layers of silica and alumina. In some clays there 
are fewer metallic atoms than nonmetallic ones within 
the mineral lattice producing a negative charge. In oth-
ers, higher valency cations may be replaced by lower 
valency cations during the formation of the mineral lat-
tice that renders the clay particles negatively charged. 
Examples of such imperfection include (a) the substitu-
tion of an aluminiumion (Al3+) by either Mg2+ or Fe2+ and 
(b) the replacement of Si4+ cation by Al3+. According to 
Letterman et al. [23], the type and strength of the charge 
resulting from this imperfection in the clay structure 
are independent of the surrounding water properties 

Process Main mechanisms

EnC (increased coagulant dosing & acidifi ed pH) Particles presence:
1.  Most CN of the negatively charged colloidal particles by 

adsorption of positively charged coagulant species.
2.  Less SC of colloids in precipitated Me(OH)3 solids 

(Al(OH)3, Fe(OH)3).

NOM presence:
1.  Most complexation of NOM with dissolved metal 

coagulant species (Al or Fe), leading to direct precipitation 
of a Me-NOM solid phase.

2.  Most complexation of NOM with dissolved coagulant 
species, leading to adsorption of this complexed material 
onto precipitated Me(OH)3 solids.

3.  Less direct adsorption of NOM onto the surface of 
precipitated Me(OH)3 solids.

Particles and NOM presence:
1.  More dissolved coagulant species present upon coagulant 

addition.
2. Less presence of precipitated metal hydroxide solids.
3. Concentration of particles and NOM.
4.  Chemical properties of these contaminants and their 

reactivity with dissolved coagulant species.
5.  Acidifi ed pH of coagulation, which is affected by the 

chemistry of the coagulant and the alkalinity of the water.

EC (coagulant dosing & electric fi eld) 1.  Migration to an oppositely charged electrode (EP) and 
aggregation due to CN.

2.  Cation or hydroxyl ion (OH−) forms a precipitate with the 
pollutant.

3.  Metallic cation interacts with OH− to form a hydroxide, 
which has high adsorption properties thus bonding to the 
pollutant (bridge coagulation).

4.  Hydroxides form larger lattice-like structures and sweeps 
through the water (SC).

5. Oxidation of pollutants to less toxic species.
6. Removal by EF or sedimentation and adhesion to bubbles.
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and pH. This is in contrast to the fi rst two processes dis-
cussed above, in which both pH and ionic makeup of 
the surrounding solution play a big role in determining 
the sign and magnitude of the acquired charge on col-
loidal particles.

2.1.2. Hydration

Water molecules may also be sorbed on the surface 
of colloids [29], in addition to or in place of, other mol-
ecules or ions. The extent of this hydration depends on 
the affi nity of particles for water. Colloidal particles 
that have water-soluble groups on their surface such 
as hydroxyl, carboxyl, amino, and sulfonic exhibit high 
affi nity for hydration and cause a water fi lm to surround 
the particles. Such colloids are classifi ed as hydrophilic 
(water loving) particles [30]. Colloids, that do not show 
affi nity for water and do not have bound water fi lms, are 
classifi ed as hydrophobic (water hating) particles [31].

2.1.3. Brownian movement

Colloids exhibit a continuous random movement 
caused by bombardment by the water molecules in the 
dispersion medium. This action, called Brownian move-
ment, imparts kinetic energy to the particles that tends 
to cause an increase in the frequency of collisions, thus 
promoting coagulation. Elevated temperature increases 
molecular velocity resulting in more kinetic energy and 
more intense Brownian movement [32].

2.1.4. Tyndall effect

Because colloidal particles have an index of refrac-
tion different from water, light passing through the 
dispersion medium and hitting the particles will be 
refl ected [29]. The turbid appearance due to this inter-
ference with the passage of light is termed the Tyndall 
effect. However, it should be noted that this might not 
always be the case. Hydrophilic colloids may produce 
just a diffuse Tyndall cone or none at all. The reason 
for this behaviour can be attributed to the bound water 
layer surrounding colloids. These particles will have an 
index of refraction not very different from that of the 
surrounding water. Hence, the dispersed phase and the 
dispersion medium behave in a similar fashion toward 
the passage of light [14].

2.2. Colloidal structure and stability

The stability of colloidal particulate matter is depen-
dent on their electrokinetic property. Colloidal particles 
acquiring similar primary charges develop repulsive 
forces that keep them apart and prevent their agglom-
eration. The primary electrical charges could be either 
negative or positive. However, the majority of colloids 

that exist in aqueous systems are negatively charged 
[32]. A colloidal system as a whole does not have a net 
charge. Negative primary charges on colloidal particles 
are balanced by positive counter-ions near the solid–
liquid interface and in the adjoining dispersion medium. 
In a similar fashion, positively charged particles are 
counterbalanced by negative ions present in the sur-
rounding water. This natural inclination toward achiev-
ing electrical neutrality and counterbalance of charges 
results in the formation of an electric double layer 
around colloidal particles.

The electric double layer, which comprises the 
charged particle and surrounding counter-ions, is illus-
trated in Fig. 2. The total potential at the surface of the 
primary charged particle is termed the Nernst potential. 
The dense layer of counter-ions fi xed on the surface of 
the primary particle is called the Stern layer. The outer 
limit of this layer is defi ned by the surface of shear that 
separates the mobile portion of the colloid from the sur-
rounding mixture of diffuse ions. In an electric fi eld, the 
ions within the surface of shear will move with the par-
ticle as a unit. The concentrated counter-ions within the 
surface of shear reduce the net charge on the particle by 
an amount that is usually referred to as the Stern poten-
tial. Consequently, the potential is maximum at the sur-
face of the primary particle, the Nernst potential, that 
decreases rapidly through the Stern layer resulting in a 
net overall charge on the particle at the surface of shear 
called the zeta potential (ZP). This potential determines 
the extent of repulsion between similarly charged par-
ticles and is commonly considered to be the major cause 
of the stability of a colloidal system. Further away from 

Fig. 2. The electrical potential of a negatively charged 
colloidal particle [14].
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the surface of shear both the concentration and poten-
tial gradients continue decreasing, but at a more gradual 
drop, until the potential approaches the point of electri-
cal neutrality in the surrounding solution [14].

The counter-ions of the Stern layer are concentrated 
in the interfacial region owing to electrostatic attraction. 
However, these ions tend to be more loosely attached, 
as they are located at distances further away from the 
particle surface as a result of the potential gradient. Con-
sequently, any thermal agitation may cause these less 
strongly held ions to diffuse away toward the bulk of the 
dispersion medium. These two opposite forces, electro-
static attraction and diffusion, give rise to the distribu-
tion of the potential over distance such that the highest 
concentration of counter-ions occurs at the particle 
interface and drops gradually with increasing distance. 
When the dispersion medium contains low concentra-
tion of ions (low ionic strength), the diffuse layer will be 
spread over a wide distance, d, as shown in Fig. 2. On 
the other hand, when the dispersion medium possesses 
a high ionic strength, the diffuse layer would get com-
pressed, become thinner, and eventually extend far less 
distance into the bulk of the solution. Detailed analysis 
of the theory of the double layer and stability of colloids 
can be found in Verwey and Overbeek [33], Morel [34], 
O’Melia [35], and Elimelech and O’Melia [36].

When two similar primary charge particles drift 
toward each other, their diffuse layers start to interact 
leading to the production of a repulsive electrostatic 
force. The resulting repulsion between the approach-
ing particles increases as the particles get closer. Such 
charged particles may not be able to collide at all if their 
charges are high enough [35]. Ultimately, as illustrated 
in Fig. 3, the colloidal stability depends on the relative 
strength of the above electrostatic forces of repulsion 
and the forces of attraction.

The forces of attraction are due to van der Waals’ 
forces. All colloidal particles, irrespective of their com-
position, sign or magnitude of charge, or the composi-
tion of the dispersion medium, possess such attractive 
forces. They arise from the following:

(a) Electronegativity of some atoms is higher than for 
others in the same molecule.

(b) Vibration of charges within one atom creates a rap-
idly fl uctuating dipole.

(c) Approaching particles induce vibrations in phase 
with each other [14].

The above phenomena result in an attractive force 
between the two oppositely oriented dipoles. The 
magnitude of the force varies inversely with distance 
between particles, increasing rapidly with decreasing 
distance (see Fig. 3). If particles come close enough for 
these forces to take over, they will adhere [14].

The other factor, in addition to van der Waals’ attrac-
tive forces, tending to destabilise a colloidal system is 
Brownian movement [37]. This is due to the random 
motion of colloids brought about by their bombardment 
by molecules of the dispersion medium. The outcome of 
the movement is to impart kinetic energy to the colloidal 
particles. Higher energy particles moving in a random 
fashion tend to collide eventually [32].

Moreover, Fig. 3 illustrates the relationship of forces 
that exist between colloidal particles as a function of the 
separation distance. The net resultant force is obtained 
by the summation of the respective electrostatic repul-
sive force and van der Waals’ attractive force. When the 
resultant repulsion energy exceeds the kinetic energy 
(Fig. 3A), the particles will not coagulate and the dis-
persion is stable. When the kinetic energy is larger than 
the repulsion energy (Fig. 3B), the dispersion is unstable 
and the particles will coagulate. Consequently, if it is 
required to destabilise and coagulate a stable disper-
sion, then the electrostatic repulsion energy between the 
particles must be lowered and/or the kinetic energy of 
the particles must be raised [14].

2.3. Destabilisation of colloids

Destabilisation of colloidal particles is accomplished 
by coagulation through the addition of hydrolysing 
electrolytes such as metal salts and/or synthetic organic 
polymers. Upon being added to the water, the action of 
the metal salt is complex [23,38]. It undergoes dissolu-
tion, the formation of complex highly charged hydro-
lysed metal coagulants (hydroxyoxides of metals), 
interparticle bridging, and the enmeshment of particles 
into fl ocs. Polymers work either on the basis of particle 
destabilisation or bridging between the particles.

Fig. 3. Effect of interparticle forces on the stability of a 
colloidal system [14].
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The destabilisation process is achieved by the fol-
lowing four mechanisms of coagulation:

1. Double-layer compression.
2. Adsorption and CN [39].
3. Entrapment of particles in precipitate.
4. Adsorption and bridging between particles [40–43].

2.3.1. Double-layer compression

When high concentrations of simple electrolytes are 
introduced into a stabilised colloidal dispersion, the 
added counter-ions penetrate into the diffuse double 
layer surrounding the particles rendering it denser and 
hence thinner and smaller in volume. The addition of 
counter-ions with higher charges, such as divalent and 
trivalent ions, will result in even steeper electrostatic 
potential gradients and more rapid decrease in charge 
with distance from the surface of the particles. The net 
repulsive energy (see Fig. 3) would become smaller or 
even would be completely eliminated, allowing the par-
ticles to approach each other and agglomerate [14].

A mathematical model that describes this coagu-
lation mechanism is explained in detail in [33]. The 
prediction of this model is in agreement with what is 
known as the Schultze–Hardly rule. This rule states that 
the coagulation of colloidal particles is achieved by ions 
of added electrolytes, which carry opposite charge to 
that of the colloids, and that the destabilisation capabil-
ity of the ions rises sharply with ion charge. Table 3 illus-
trates the relative effectiveness of various electrolytes in 
the coagulation of negatively and positively charged 
colloids [17]. For example, the relative power of Al3+, 
Mg2+, and Na+ for the coagulation of negative colloids is 
shown to vary in the ratio of 1000:30:1. A similar ratio is 
observed for the relative capability of PO4

3−, SO4
2−, and 

Cl− for the coagulation of positively charged colloids.

2.3.2. Adsorption and charge neutralisation

For all practical purposes, the ability of a chemical 
substance to destabilise and coagulate colloidal particles 
is the result of a combination of several mechanisms. 
Long-chained organic amines are often mentioned as 
being typical coagulants that function by adsorption 
and electrostatic neutralisation [17,23,38]. The positively 
charged organic amine molecules (R–NH3

+) are easily 
and quickly attached to negatively charged colloidal 
particles. The charge on the particles gets neutralised 
and the electrostatic repulsion is decreased or eliminated 
resulting in the destabilisation of the colloids and hence 
their agglomeration. The organic amines are hydropho-
bic because there is a lack of interaction between the CH2 
groups in their R-chain and the surrounding water. As 
a result, these positively charged ions are driven out of 
the water and get adsorbed on the particulate interface. 
An overdose of R–NH3

+ counter-ions, however, can lead 
to charge reversal from negative to positive and the 
restabilisation of the dispersion system.

When coagulants such as metal salts are added 
to water, they dissociate yielding metallic ions, which 
undergo hydrolysis and form positively charged metal-
lic hydroxyoxide complexes [44]. The commonly used 
coagulants, trivalent salts of aluminium and iron, pro-
duce numerous species because the hydrolysis prod-
ucts themselves tend to polymerise to give polynuclear 
metallic hydroxides [14]. Examples of aluminium salt 
polymers are Al6(OH)15

3+ and Al7(OH)17
4+ and of iron 

salt polymers are Fe2(OH)2
4+ and Fe3(OH)4

5+. When 
such polyvalent complexes possessing high positive 
charges get adsorbed on to the surface of the negatively 
charged colloids, the result is again a neutralisation of 
the charges, decrease in the repulsion energy, and desta-
bilisation of the colloids [45]. In a similar fashion to what 
occurs with the organic amines, an overdose of metallic 
salts could reverse the colloidal charge and restabilise 
the particles.

2.3.3. Entrapment of particles in precipitate

When the coagulants alum [Al2(SO4)3] or FC (FeCl3) 
are added in high enough concentration, they will 
react with water (and hydroxides (OH−)) to form metal 
hydroxide precipitates, Al(OH)3 or Fe(OH)3 respectively. 
The colloidal particles get entrapped in the precipitates 
either during the precipitate formation or just after. This 
type of coagulation by enmeshment of colloids in pre-
cipitates is commonly called SC [14,23,46].

There are three elements that infl uence this coagula-
tion mechanism [14,38]:

1. Oversaturation: The rate of precipitation is a func-
tion of oversaturation with the metal hydroxide. To 

Table 3
Relative coagulation power of electrolytes [14]

Electrolyte Relative power of coagulation

Positive colloid Negative colloid

NaCl 1 1
Na2SO4 30 1
Na3PO4 1000 1
BaCl2 1 30
MgSO4 30 30
AlCl3 1 1000
Al2(SO4)3 30 >1000
FeCl3 1 1000
Fe2(SO4) 30 >1000
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obtain fast precipitation and effi cient SC, high con-
centrations of Al(OH)3 or Fe(OH)3 are required.

2. Presence of anions: The rate of precipitation is 
improved by the presence of various anions in water. 
The most effective anions in this respect are the sul-
phate ions.

3. Concentration of colloids: The rate of precipitation is 
also improved with higher concentration of colloidal 
particles. The reason for this is that the colloids them-
selves could act as nuclei for the formation of pre-
cipitates. In this case, it can be concluded that lower 
rather than higher coagulant dosage will be required 
to coagulate water having higher colloidal particle 
concentration [38].

2.3.4. Adsorption and bridging between particles

Polymers destabilise colloidal particles through the 
formation of bridges that extend between them. The 
polymers have reactive groups that bind to specifi c sites 
on the surface of the colloidal particles. When a group 
on a polymer molecule attaches to a colloid, the remain-
der of the long-chain molecule extends away into the 
water. Once the extended portion of the polymer gets 
attached to another colloidal particle, the two particles 
become tied together or bridged by the polymer. If no 
other particle is available or if there is an overdose of 
polymer, the free extended portions of the polymer 
molecule would wrap around the same original par-
ticle, which could effectively bring about the restabili-
sation of the colloid. Restabilisation can also occur due 
to aggressive mixing or extended agitation, which may 
break the interparticle bridging and allow the folding 
back of the freed polymer portions around the same 
original particle [14].

2.4. Time requirement for rapid-mixing in coagulation

Coagulation can be broken down into several sequen-
tial steps. Chemical reactions occur immediately after 
the addition of coagulants, forming active coagulant 
species. The active species promotes the destabilisation 
and the contact of suspended colloids through ‘rapid-
mixing’. The engineering practice of rapid-mixing has 
relied heavily on accumulated experiences. Since 1969 
[47], a series of researches on rapid-mixing has been 
started. A study of rapid-mixing involves theories in 
coagulant chemistry, mixing, and mass transfer. Due 
to of such complexity, no simple and concrete guide-
line on the operation can be offered for the engineer-
ing design of rapid-mixing. Studies on rapid-mixing 
can be approached microscopically or macroscopically, 
depending on whether the focus is on the physical or 
chemical parameters [47].

From the microscopic point of view, the nature of 
coagulants and their coagulation mechanisms are the 
keys to the success of rapid-mixing. Studies have shown 
that the variation in hydrolysis species of coagulants 
dominates the coagulation mechanism. Researchers [47] 
employed a turbulent pipe-fl ow reactor to examine the 
infl uence of the hydrolysis time on particle destabilisa-
tion of alum coagulation. They found that the Al hydroxo-
complex species of maximum destabilisation capacity 
formed within 0.1 s after chemical addition. The effi -
ciency of coagulation decreased continuously in the fi rst 
6 s and then remained the same. In studying the rapid-
mixing of alum coagulation, authors [47] discovered that 
rapid-mixing is signifi cant if adsorption and CN are the 
principal mechanisms of the coagulation. In a study on 
coagulation by polymers, Amirtharajah and Jones [48] 
found that rapid-mixing is critical in colloid bridging.

The microscopic view of study on rapid-mixing has 
drawbacks such as insuffi cient mixing when the opera-
tion is scaled up, as well as the failure to consider the 
break-up of aggregates during rapid-mixing. These 
phenomena were also noticed by Clark and Srivastava 
[49] who performed a series of studies to explore the 
role of rapid-mixing on coagulation. In a continuous 
study on various sizes of mixing tanks, they found that 
small mixing tanks were more sensitive to experimental 
conditions. As a result, a feedback approach was intro-
duced to include all of the operational parameters in 
rapid-mixing. Therefore, some researchers have shifted 
their focus towards the subsequent processes such as 
sedimentation and fi ltration to view rapid-mixing from 
a macroscopic point of view [47]. The idea is to moni-
tor the turbidity of the effl uent from sedimentation and 
fi ltration to refl ect the effi ciency of rapid-mixing. The 
optimal rapid-mixing condition is the one correspond-
ing to the lowest residual turbidity. A macro-approach is 
more applicable in the operation of WTPs. However, no 
model can include all operational parameters due to the 
great variation in treatment units.

Other researchers focused their studies on the impact 
of rapid-mixing on fl occulation (or slow-mixing) which 
is the immediate subsequent process. Researchers [47] 
described the effect of rapid-mixing intensity on parti-
cle aggregation in fl occulation. In the study, they intro-
duced an apparent aggregation rate (Kapp) to evaluate the 
operation of rapid-mixing. Authors [47] have suggested 
that Kapp is an effective index for rapid-mixing. The 
major disadvantage of this approach is that it is time-
consuming to apply the Kapp in water treatment works. 
Studies from the macro-point of view ignore important 
parameters such as the coagulant type and coagulation 
mechanisms. As a result, no general guideline for rapid-
mixing can be established due to the great variation in 
experimental conditions.
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In their study [47], Kan et al. employed a photomet-
ric dispersion analyser (PDA) to monitor clay coagula-
tion by alum and polymeric aluminium chloride (PAC). 
The effect of rapid-mixing time on particle removal was 
studied. A standard jar test was performed to determine 
the degree of destabilisation of particles. Maximum ratio 
outputs of PDA measurements were inversely related 
to residual turbidities. Adequate rapid-mixing times 
evaluated from both PDA and mixing tests were close 
to each other. Studies of coagulation mechanisms at 
various rapid-mixing times indicated that mixing time 
had signifi cant impact on CN and SC. The difference in 
residual turbidity can be attributed to the characteristics 
of microfl ocs. The rise in residual turbidity in SC sug-
gested the breakage of microfl ocs.

2.5. Infl uencing factors

Many factors affect the coagulation process. In addi-
tion to mixing that is explained above, the following
discussion covers the most important factors.

2.5.1. Colloid concentration

Colloidal concentration has a large impact on both 
the required dosage and the effi ciency of the coagula-
tion process itself. The dosage of coagulants required for 
the destabilisation of a colloidal dispersion is stoichio-
metrically related to the amount of colloidal particles 
present in solution [14]. However, for dilute colloidal 
systems, the rate of coagulation is very slow because of 
the small number of colloids in suspension and, there-
fore, not enough contact between particles is available. 
Under such conditions increasing the concentration of 
particulate matter by the addition of a coagulant aid or 
recycling of settled sludge would improve the coagu-
lation rate. Application of a large coagulant dosage to 
a dilute colloidal suspension would result in a greater 
chance of restabilising the colloids.

2.5.2. Coagulant dosage

The effect of aluminium and iron coagulant dosage 
on coagulation, as measured by the extent of remov-
ing particles causing turbidity in water, has been stud-
ied and evaluated in great detail by O’Melia [38]. They 
divided the relationship into four zones starting with the 
fi rst low-dosage zone and increasing the dosage progres-
sively to the highest dosage that is applied in zone four:

Zone 1: Not enough coagulant is present for the destabi-
lisation of the colloids.
Zone 2: Suffi cient coagulant has been added to allow 
destabilisation to take place.
Zone 3: Excess concentration of coagulant can bring 
about charge reversal and restabilisation of particles.

Zone 4: Oversaturation with metal hydroxide precipi-
tate entraps the colloidal particles and produces very 
effective SC.

The range of coagulant dosage that triggers the start, 
end, or elimination of any of the above zones is depen-
dent on colloidal particle concentration and pH value.

2.5.3. Zeta potential

The ZP represents the net charge of colloidal par-
ticles [14]. Consequently, the higher the value of the 
ZP, the greater is the magnitude of the repulsive power 
between the particles and hence the more stable is the 
colloidal system. The magnitude of the ZP [50] is deter-
mined from electrophoretic measurement of particle 
mobility in an electric fi eld (Fig. 4).

2.5.4. Affi nity of colloids for water

Hydrophilic colloids are very stable. Because of their 
hydration shell, chemicals cannot readily replace sorbed 
water molecules and, consequently, they are diffi cult to 
coagulate and remove from suspension. The stability of 
hydrophilic dispersions depends more on their “love” 
for water than on their electrostatic charge. It has been 
estimated that suspensions containing such particles 
require 10–20 times more coagulant than what is nor-
mally needed to destabilise hydrophobic particles [51]. 
Typical examples are the colour-producing material – 
such as HSs [22] - in surface water and organic colloids 
present in wastewater (Fig. 5). On the other hand, exam-
ples of hydrophobic particles are metal oxides that can be 
easily coagulated and destabilised. However, the bulk of 
colloidal particles in turbid water usually exhibit a mix-
ture of hydrophobic–hydrophilic properties resulting 

Fig. 4. ZP measurement [50].
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in suspensions that are intermediate in the degree of 
their diffi culty to coagulate [14].

2.5.5. pH value

pH is a measure of H+ and OH− ion concentration. 
The presence of these ions in the potential-determining 
layer may cause particle charge to be more positive or 
less negative at pH values below the IEP. At high pH 
values above the IEP the reverse effect takes place, 
whereby particle charge becomes more negative or less 
positive. The IEP is the pH value at which charge is most 
nearly neutralised. The IEP for aluminium hydroxide is 
around pH 8. It varies with the ionic strength in solution 
but is normally in the pH range of 7 to 9 [23].

The solubility of colloidal dispersions is affected 
radically by pH. Al(OH)3 is amphoteric in nature and 
is soluble at low and high pH. The greatest adsorption 
occurs in the pH range where there is minimum solubil-
ity. Examples of optimum pH ranges for metallic salts 
are shown in Table 4 [52]. It was well reported [14] that 
optimal coagulation with alum takes place at pH values 
near 5 and 7. At these points, the positively charged alu-
minium hydroxide neutralises the negatively charged 
turbidity producing colloidal particles, resulting in zero 
ZP. However, in the pH range from 5 to 7 the colloidal 
particles are restabilised due to charge reversal brought 
about by excess adsorption of the positively charged 
aluminium hydroxide species; pH also plays a part 

in affecting the amount of aluminium residual in the 
treated water [14].

The infl uence of pH on the polymer’s behaviour [53] 
and effectiveness in coagulation is particularly impor-
tant because of the interaction between pH and the 
charge on the electrolyte. The extent of charge change 
with pH is a function of the type of active group on the 
polymer (carboxyl, amino, etc.) and the chemistry of 
those groups.

2.5.6. Anions in solution

As explained below, one of the constraints in using 
alum and iron as coagulants is the occurrence of charge 
reversal and restabilisation of colloids. However, this 
behaviour can be suppressed or eliminated in the pres-
ence of high concentrations of anions such as sulphate, 
silicate, and phosphate [54]. It was found that back-
ground concentration of SO4

2− in excess of 10 to 14 mg l−1 
has the ability to prevent restabilisation. Coagulation 
with alum is brought about by various species of posi-
tively charged aluminium hydroxyoxides. Aluminium 
hydroxide possesses its lowest charge and lowest solu-
bility at its IEP that lies in the pH range of 7 to 9 [23]. As 
a result, when the alum dosage is increased within this 
pH range, SC takes place due to the formation of the alu-
minium hydroxide precipitate. However, at lower pH 
values (5–7), higher dosages of alum will tend to increase 
the positively charged alum species that get adsorbed 
on particles’ interface leading to charge reversal and the 
restabilisation of the colloidal particles. Similar concepts 
and conclusions are applicable to iron coagulants.

2.5.7. Cations in solution

The presence of divalent cations, such as Ca2+ and 
Mg2+ [22], in raw water is commonly considered not only 
to be helpful in the coagulation of negatively charged 
colloidal clay particles by anionic polymers but also to 
be necessary. Three reasons have been suggested to be 
behind this benefi cial effect [14]:

1. Compression of the colloidal double layer.
2. Reduction of the colloidal negative charge and 

minimisation of repulsive potential.
3. Reduction in the range of repulsive barrier between 

adsorbed polymers.

3. Three coagulation’s most diffi cult challenges: 
NOM, viruses and algae

3.1. Natural organic matter removal

Waters containing low molecular weight (MW) HSs 
can be diffi cult to treat by coagulation processes [55], as 
the smaller molecules and uncharged species are less 

Fig. 5. Schematic presentation of the composition of NOM 
in water with emphasis on humic material [22].

Table 4
Optimum pH values for metallic coagulants [14]

Coagulant pH

Alum 4.0 to 7.0
Ferrous sulphate 8.5 and above
FC 3.5 to 6.5 and above 8.5
Ferric sulphate 3.5 to 7.0 and above 9.0
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effectively removed [56]. The charged impurities pres-
ent can be taken out by ion exchangers or adsorbents 
[56]. Oxidative degradation, followed by biological 
treatment, is an option for all organic species [57]. There 
is scope for a vastly improved approach to achieve more 
economical treatment for organics removal generally.

Impurities in source waters can be present as sus-
pended material, like clay, silica, microbial cells or algae 
[58], as dissolved and colloidal NOM, and as dissolved 
salts. Drinking water sources typically contain 2–10 mg l−1 
of NOM, of which only 10–30% has been identifi ed [56]. 
There are many reasons why it poses a problem for the 
water treatment industry; among them the formation of 
potentially carcinogenic chlorinated hydrocarbons such 
as THMs when disinfection is carried out with chlorine 
[59]. There are also bacterial regrowth problems and aes-
thetic issues like colour, taste and odour [56]. As well, 
NOM fouls membranes [60] and adsorbents, interferes 
with the oxidation of dissolved iron and manganese to 
insoluble, easily removed forms, and acts as an electron 
transfer agent in the corrosion process [56].

3.1.1. Natural contaminants in water supplies

Impurities may be dissolved compounds as well as 
insoluble particles, and may be of organic or inorganic 
origin [61]. Some of the more commonly found natural 
components containing OM are, in decreasing order 
of size, zooplankton, phytoplankton, bacteria, viruses, 
clay-humic acid complexes, humic acids (HAs), pro-
teins, polysaccharides, fulvic acids (FAs), and very small 
molecules such as fatty acids, carbohydrates, amino 
acids and hydrocarbons [62,63]. The organic impuri-
ties are formed by the biological degradation of organic 
life substances [64], and include highly coloured com-
pounds. Inorganic salts of natural origin are also pres-
ent to some degree. Ion exchange will of course adsorb 
predominantly dissolved and colloidal ionic matter, and 
not insoluble material to any extent.

Dissolved compounds, defi ned as that which will 
pass through a membrane having pores of 0.45 μm size, 
when measured as dissolved organic carbon (DOC), 
have levels in the range 0.1–115 mg l−1, with 5.75 mg l−1 
being reported as a global average for streams [56]. DOC 
poses a problem for the water treatment industry for a 
number of reasons [65]. DOC can be made up of amino 
acids, fatty acids, phenols, sterols, sugars, hydrocar-
bons, urea, porphyrins or polymers [64]. The polymers 
include polypeptides, lipids, polysaccharides and HSs. 
The variation of DOC can be from 2.2 mg l−1 for an oligo-
trophic lake, 5 mg l−1 for a river, 10 mg l−1 for a eutrophic 
lake, 15 mg l−1 for a marsh and 30 mg l−1 or more for 
bog water. The level along a river and from one river 
to another can range from 0.30–30.0 mg l−1. The level in 

summer can be four times that in winter, so the variation 
is seasonal as well as regional. In Arizona, spring snow-
melt and late summer monsoon rains give the high-
est DOC production [56]. The make up of the organic 
compounds for an average river water is 40% FAs, 10% 
HAs, 30% hydrophilic acids, 10% carbohydrates, 6% 
carboxylic acids and 4% amino acids [56]. Although 
HSs, encompassing fulvic and humic acids, constitute 
about 50% of the total DOC of a typical surface water, 
the proportion can be as high as 80%. HSs are unique 
and troublesome materials in that they have quite vari-
able properties, in terms of acidity (pKa 3–5), MW (sev-
eral hundred to ten thousand) and molecular structure 
(mostly phenolic and carboxylic acid functionalities, but 
also alcohol, quinone, ether, ester and ketone groups). 
They behave as negatively charged colloids or anionic 
polyelectrolytes at natural pH levels and have surface-
active properties, but can interact via their hydrophobic 
aromatic and aliphatic regions with non-polar pollut-
ants such as pesticides and polychlorinated biphenyls. 
HSs are often present as stable complexes with metal 
ions.

3.1.2. Mechanisms of humic acids coagulation

HA is a NOM, resulting from the weathering and/or 
the biodegradation of dead plants and animals [64,66,67]. 
There is no specifi c molecular structure suggested for 
HA, but it has been noted that its functional groups such 
as carboxylic and phenolic acids can adsorb metal ions 
and infl uence its fate [68]. In order to reduce the concen-
tration of HA in drinking water, coagulation is an essen-
tial method. With different coagulant (such as iron salt 
or aluminium salt) and dosages and different pH, HA 
can be removed either by complexation with the coag-
ulant or by precipitation after being adsorbed [69–71]. 
Based on the stoichiometry, researchers have proposed 
several coagulating mechanisms for the removal of 
NOMs. The mechanisms of destabilisation include not 
only the CN and the incorporation of OM onto the iron 
hydroxide fl ocs but also the co-precipitation of the com-
plexes of metal-OM with the metal hydroxides [66]. Van 
Benschoten and Edzwald [72] used the Times Spectro-
photometric Analysis to predict the possible chemical 
formula of the complex formed after the FA reacted with 
the aluminium sulphate. In addition, from the kinetics 
point of view, Istv’an [73] showed that the hydrolysis of 
metal ions occurred immediately after contacting with 
water. Therefore, most of the iron or aluminium salts 
before reacting with the OM are in the form of hydrox-
ide. In turn, some studies have found that the species, 
the number, and the position of the functional groups 
on OMs all have signifi cant effect on coagulation [74]. 
By using mono- and poly-aluminium compounds as 
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coagulants to react with FA at different pH, researchers 
[66] proposed the following equations:

(CN and precipitation)
FA + monomeric Al → FA – monomeric Al(s), pH = 4 ~ 5 

(3)

FA + polymeric Al → FA – polymeric Al(s), pH = 5 ~ 6 
(4)

 (adsorption) pH > 7

FA + Al(OH)3(s) → FA – Al(OH)3(s) (5)
FA – polymeric Al(s) + Al(OH)3(s) → FA – polymeric Al(s)
  – Al(OH)3(s) (6)

They concluded that the coagulation mechanism 
and the reaction pathway of HSs are strongly kinetically 
affected. At low pH, the aluminium salt neutralised the 
charge on FA directly. Therefore, the fl ocs formed after 
the destabilisation precipitated gradually. Increasing 
solution pH will enhance the hydrolysis of Al-salt, and 
thus increase the chance to form Al(OH)3(s). Simultane-
ously, the opportunity for FA to contact with the free Al-
salt decreases, so the FA is removed by adsorbing onto 
Al(OH)3(s). On the other hand, the slow hydrolysis of the 
pre-hydrolysed polyaluminium salt could neutralise 
the charge of FA before the formation of the Al(OH)3(s), 
and form the FA-polymericAl which could be removed 
through adsorption [66].

In their detailed study [75], Electrophoretic 
mobility (EM), pyrene fluorescence, surface tension 
measurements, transmission electron microscopy 
on resin-embedded samples, and X-ray microscopy 
(XRM) were combined to characterise the aggregates 
formed from humic colloids and hydrolysed-Fe spe-
cies under various conditions of pH and mixing. 
They show that, at low coagulant concentration, the 
anionic humic network is reorganised upon associa-
tion with cationic coagulant species to yield more 
compact structures (Fig. 6). In particular, spheroids 
about 80 nm in size are evidenced by XRM at pH 
6 and 8 just below the optimal coagulant concentra-
tion. Such reorganisation of humic colloids does not 
yield surface-active species, and maintains negative 
functional groups on the outside of humic/hydro-
lysed-Fe complex. They also observe that the humic 
network remains unaffected by the association with 
coagulant species up to the restabilisation concen-
tration. Upon increasing the coagulant concentra-
tion, restructuration becomes limited: indeed, the 
aggregation of HA with hydrolysed-Fe species can 
be ascribed to a competition between humic network 
reconformation rate and collision rate of destabilised 
colloids. A decrease in stirring favours the shrinkage 
of humic/hydrolysed-Fe complexes, which then 

yields a lower sediment volume. Elemental analy-
ses also reveal that the iron coagulant species are 
poorly hydrolysed in the destabilisation range. This 
suggests that destabilisation mechanisms such as 
SC or adsorption onto a hydroxyde precipitate are 
not relevant to our case. A neutralisation/complex-
ation destabilisation mechanism accompanied by a 
restructuration of flexible humic network (Fig. 6) is 
then proposed to occur in the range of pHs investi-
gated [75].

3.1.3. Synthetic polyelectrolytes in drinking water 
treatment

Synthetic polyelectrolytes [76] are widely used 
in drinking water treatment (DWT), either as fl occu-
lants in conjunction with a metal salt coagulant or, less 
commonly, as coagulants in their own right [77]. The 
global market for water treatment polymers exceeds 
$US 2.6 billion pa. Polyacrylamide and acrylamide 
copolymers are commonly used in the fi rst mode; 
poly(diallyldimethylammonium chloride) (PDAD-
MAC) is the most common polymer used in the second 
mode. Polyelectrolytes increase the size and strength 
of fl ocs formed by alum or iron-based coagulants [78]. 
When used as complete or partial replacements for 
inorganic coagulants they extend fi lter run times and 
yield smaller volumes of sludge. However, there is no 
accepted method for measuring polymer residuals in 
treated water. Consequently, regulation of their use is 
arbitrary and inconsistent [77].

Good review of organic polyelectrolytes in water 
treatment is given by Bolto and Gregory [53].

Fig. 6. Schematic illustration of HA aggregation dynamics 
with hydrolysed Fe coagulant species [75].
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3.1.4. Polyaluminium chloride PAC-Al30 for humic acid 
removal

PACs are a group of highly effective coagulants in 
water treatment that have replaced a large part of tra-
ditional aluminous coagulants in recent years because 
of low dosage, high effi ciency, low cost and convenient 
usage [79,80]. In order to improve the coagulation effi -
ciency and to suit different conditions, many sorts of PAC 
with different aluminium hydrolysis ratio (B = [OH−]/
[Al3+]) have been produced and used, and introduction 
of different ions, such as SO4

2−, SiO3
2−, Fe3+, and organic 

polymers into PAC has also been investigated [81]. It is 
generally believed that [AlO4Al12(OH)24(H2O)12]

7+ (Al13) is 
the most effective coagulation species in polyaluminium 
coagulants due to its strong CN capability, high struc-
ture stability and nanometre molecular diameter [82–85]. 
But this opinion has been challenged by the discovery 
of [(AlO4)2Al28(OH)56(H2O)26]

18+ (Al30), the biggest and 
highest charged polycation ever characterised in PAC. 
Allouche et al. [86] and Rowsell and Nazar [87] charac-
terised the species of Al30 by in situ 27Al NMR measure-
ment, and found that Al30 is composed of two d-Al13 
connected by four aluminium monomers with a mol-
ecule d imension of about 2.0 nm in length. With these 
excellent characters, it may be a better species than Al13.

Chen et al. [88] testifi ed that Al30 species can become 
the dominant species in polyaluminium solution when 
the freshly prepared polyaluminium solution is heated 
at 95°C for 12 hr, and the formation of Al30 is acceler-
ated by the increase of total aluminium concentra-
tion. Allouche et al. [89] demonstrated that aluminium 
monomers are the species controlling the conversion 
of Al13 Keggin e into Al30. Phillips et al. [90] researched 
the rates of oxygen exchange between the Al30 molecule 
and aqueous solution. Chen et al. [91] found that PAC 
with a content of 76.8% of Al30 removes turbidity more 
effi ciently, and has much broader effective dosage range 
and pH range when compared with high Al13 content 
PAC and AlCl3.

However, there are few reports about the Al30 C/F 
performances for OMs. In their research, Zhang et al. [79] 
investigated the coagulation behaviours of PAC with a 
high Al30 content (PAC-Al30) to remove HA, a group of 
typical organics found in source water. B value is a key 
parameter for PAC, which may signifi cantly infl uence 
the hydrolytic aluminium species distribution in solu-
tion, and further affects the C/F performances, the effl u-
ent quality, and the water treatment cost. The infl uences 
of B value on the C/F performances of PAC-Al30 were 
also studied. Meanwhile, the residual aluminium con-
centration in the purifi ed water was tested.

Indeed, coagulants PACs with a high Al30 content 
(PAC-Al30) were prepared in laboratory, and the alu-
minium hydrolysis ratios (B = [OH−]/[Al3+]) of PAC-Al30 

were 1.2, 1.8 and 2.4 respectively. Coagulation behav-
iours of PAC-Al30 with different B values and conven-
tional coagulant AlCl3 were compared by jar test to 
remove HA from water. Floc growth, CN capacity, HA 
removal and residual aluminium concentration in the 
purifi ed water were investigated. The infl uences of ini-
tial pH and coagulant dosage on coagulation behaviours 
were considered. The results show that coagulants PAC-
Al30 exhibit much stronger fl oc formation capacity, have 
broader effective dosage range and initial pH range, 
reach higher HA removal effi ciency, and get lower resid-
ual aluminium concentration than AlCl3 does. The C/F 
capacity of PAC-Al30 increases with the B value. The HA 
removal reaches 98.5% at an initial pH of 7.0 and PAC-
Al30 (B = 2.4) dosage of 0.16 mmol l−1 (total aluminium 
concentration, Alt) when the initial HA concentration is 
10 mg l−1; the residual aluminium in the purifi ed water 
is 0.066 mg l−1. Al30 is verifi ed as highly effi cient C/F 
s pecies for HA removal [79].

3.1.5. Chitosan for humic acid coagulation and adsorption

Of all the available coagulants, aluminium sulphate 
and PAC are the most widely used, because they are 
cheap, effective and easy to handle. Most important of 
all, aluminium can be overdosed to ensure coagulation 
effi ciency. However, over-use of aluminium salt coagu-
lants elevates the aluminium concentration and turbidity 
in the treated water, which in turn devaluates the treat-
ment process. Researchers [92] also reported that intake 
of a large quantity of aluminium salt may cause Alzheim-
er’s disease [93,94]. The search for a better alternative 
to meet the increasing demand for water quality has 
become an important area of study. Polymers combined 
with alum or polymers alone have been applied in the 
coagulation, and gradually gained popularity in water 
treatments. Synthetic polyelectrolytes produce sludge of 
better dewatering characteristics. The sludge is smaller 
in volume than those from conventional alum fl occula-
tion, and facilitates fi ltration. However, their long-term 
effects on human health are not well understood.

Chitin is a cellulose-like biopolymer widely dis-
tributed in nature, especially in marine invertebrates, 
insects, fungi, and yeasts [95]. Its deacetylated product, 
chitosan, is readily soluble in acidic solutions, which 
makes it more available for applications [53,96,97]. Chi-
tosan (Fig. 7) is a biodegradable, non-toxic, linear cat-
ionic polymer of high MW [98]. It was discovered [92] 
that chitosan was an effective agent for coagulation of 
suspended solids from various food processing wastes. 
Since chitin is the second most abundant biopolymer, 
the application in coagulation not only avoids the health 
threat from alum treatment, but also allows recycling of 
a large amount of crab shell. The feasibility of applying 
chitosan in the coagulation of colloidal particles was 
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assessed in some laboratories [92]. Pan et al. [92] found 
that chitosan can be a potent coagulant for surface water 
treatment, especially for source waters of medium and 
low turbidity. From various treatments of chitosan, they 
further recommended that the optimal pretreatment 
condition to prepare modifi ed chitosan coagulant is 
deacetylation by 45% alkali pretreatment for 60 min and 
dissolution in 0.1% hydrochloric acid.

In their study [92], coagulations of synthetic and real 
water with the modifi ed chitosan, mixed coagulant of 
chitosan and PAC at various ratios, and PAC were com-
pared. The effi ciency was evaluated by the factors of 
settling rate, fl oc diameter, and residual turbidity. Coag-
ulation with chitosan alone required least dosage. Chi-
tosan coagulants also produced larger fl oc with higher 
settling velocity. Satisfactory results were obtained 
from the mixed coagulant of chitosan/PAC = 4:1. 
Although low pH decreased the optimal dosage, the 
fl ocs produced were smaller with slower settling rate. 
Increasing the rapid mixing strength improved the 
coagulation only when the applied dosage was less than 
the optimum dosage. Studies using other particles such 
as kaolinite and clay indicate that the properties of par-
ticles have a signifi cant effect on the chitosan coagula-
tion effi ciency [92].

In their study [99], activated clay was added in chi-
tosan slurry to prepare composite beads. The adsorp-
tion isotherms and kinetics of two organic acids (tannic 
acid, HA) and two dyes (methylene blue, reactive dye 

RR222) using composite beads, activated clay, and chi-
tosan beads were compared. With composite beads as 
an adsorbent, all the isotherms were better fi tted by the 
Freundlich equation. The adsorption capacities with 
composite beads were generally comparable to those 
with chitosan beads but much larger than those with 
activated clay. The pseudo-fi rst-order and pseudo-sec-
ond-order equations were then screened to describe the 
adsorption processes. It was shown that the adsorption 
of larger molecules such as tannic acid (MW, 1700 g 
mol−1), HA, and RR222 from water onto composite beads 
was better described by the pseudo-fi rst-order kinetic 
model. The rate parameters of the intraparticle diffu-
sion model for adsorption onto such adsorbents were 
also evaluated and compared to identify the adsorption 
mechanisms [99].

Rizzo et al. [100] attract our attention to an impor-
tant fact about chitosan: due to its nature, some OM 
may be released during coagulation step, thus increas-
ing the concentration of DBPs as well as the toxicity of 
fi nished water. In their paper [100], the effi ciency of chi-
tosan and conventional coagulants (alum and FC) was 
compared in terms of turbidity and NOM removal, as 
well as acute toxicity on Daphnia magna of coagulated 
and coagulated/chlorinated surface water. The coagula-
tion experiments were carried out by jar test using low 
TOC and high alkalinity surface water. Turbidity and 
NOM removal, as well as toxicity were investigated (i) 
under actual conditions, (ii) for different pH (5, 6, 7) and 
(iii) in HA spiked surface water samples. All coagulants 
decreased toxicity on D. magna from 100% to 0% immo-
bilisation. However, the addition of HAs affected fi nal 
toxicity in different ways according to coagulant type 
and dose. Moreover, the chlorination step after coagu-
lation increased toxicity too according to the coagu-
lant type as follows: chitosan > FC > alum [100]. Good 
review of chitosan for C/F processes is given by Renault 
et al. [101].

3.1.6. Preformed polymeric iron chloride (PIC)

Conventional metal coagulants, such as polymeric 
and monomeric forms Al and Fe salts, are widely used 
in DWT, whereas alum salt is suspected harmful to 
human and living organisms [66]. In addition, a num-
ber of authors have reported that iron salts gave higher 
DOC removal than alum salts [102–104]. Consequently, 
increasing attention has been placed on ferric coagulants 
[105], especially polyferric coagulants which have a lot 
of advantages over monomeric forms Fe salts, such as 
wider working pH range, lower sensitivity to water tem-
perature and lower residual ferric concentrations [106]. 
Moreover, the removal of HSs by polyferric coagulants 
has been a well-established option, and the mechanism 
involved was well understood [107]. However, the 

Fig. 7. Structures of the cationic polyelectrolytes polydial-
lyldimethyl-ammonium chloride (PDADMAC), polymers 
from epichlorohydrin and dimethylamine (ECH/DMA), 
cationic polyacrylamide (CPAM), chitosan and anionic 
polyacrylamide (APAM) [53].
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coagulation performance of metal coagulants cannot sat-
isfy the increasing demand for OM removal, and thus 
numerous researchers have focused on the use of organic 
polymer in DWT, such as PDADMAC. Chang et al. [108] 
found that the PDADMAC not only removes the turbid-
ity effectively, but also reduces the formation of THMs 
signifi cantly. However, the high cost of PDMDAAC lim-
its its comprehensive application in DWT.

Jar tests [109] were conducted using synthetic waters 
containing model colloids and organics to evaluate the 
coagulation performance of simple FeCl3 and polymeric 
iron chloride (PIC) having various polymer yield. Coag-
ulation of synthetic model waters with PICs of differ-
ent hydrolysis ratios was compared to simple FC under 
varying conditions of pH and model water concentra-
tions. The use of PICs seemed to produce similar reduc-
tion in turbidity and TOC when compared with using 
FeCl3 as a coagulant under typical range for coagulation; 
however, treatable region was broadened to lower pHs 
for coagulation of both model waters. By eliminating 
the region of restabilisation of turbidity at lower pHs, 
an additional region for coagulation using PICs at pH 
5–6 was observed. A conceptual surface charge distribu-
tion when using different coagulants was established to 
explain the restablisation observed in this study. The dif-
ferent coagulation behaviours of PICs when compared 
to simple FeCl3 are probably due to their larger sizes and 
bearing lower charge density.

3.2. Viruses removal

During DWT [110], coagulation is an essential 
process for combining small particles into larger 
aggregates. Small particles in the drinking water 
source, such as viruses, that will not settle from sus-
pension by gravity are destabilised and combined 
into larger aggregates during the coagulation pro-
cess; this allows the small particles to be effectively 
removed by subsequent sedimentation and filtration 
processes. Several studies have reported the useful-
ness of the coagulation process for the removal of 
enteric viruses and bacteriophages, which are viruses 
that infect bacteria [111,112].

Some bacteriophages have been evaluated as possi-
ble indicators for enteric viruses. For instance, F-specifi c 
RNA bacteriophage concentrations are highly correlated 
with those of enteric viruses in a wide range of water 
environments and water treatment processes [110]. 
Because of their morphological similarity to hepatitis A 
viruses and polioviruses, F-specifi c RNA bacteriophage 
MS2 is widely used as a surrogate for pathogenic water-
borne viruses in Europe and the United States [110], 
whereas the F-specifi c RNA bacteriophage Qβ tends to 
be used as a surrogate in Japan [113].

Previous studies have compared the behaviors of 
Qβ and MS2 in the physicochemical treatment process. 
Their behaviours are similar in the process of adsorp-
tion onto solid surfaces (such as cellulose, kaolin, carbon 
black and river sediment), the sandy aquifer treatment 
process, and the direct MF treatment process, whereas 
the sensitivities of Qβ and MS2 to UV radiation are sig-
nifi cantly different [110]. The behaviours of these two 
bacteriophages in the coagulation process may be dif-
ferent as well, although these differences have not been 
investigated except for previous studies of our research 
group. If signifi cant differences do exist, then Qβ and 
MS2 cannot be used as equivalent surrogates to evaluate 
the effectiveness of treatment processes for the removal 
of pathogenic waterborne viruses.

Virucidal activity during the water treatment process 
has been widely investigated. UV as well as disinfec-
tants such as free chlorine, chlorine dioxide, chloramines 
and ozone are well known to inactivate viruses [110]. A 
research group has reported the virucidal activity of alu-
minium coagulant [114]. The plaque forming unit (PFU) 
method in an attempt to determine the mechanisms and 
kinetics of the virucidal activity of aluminium coagulant 
was used [110]. During coagulation of the virus suspen-
sion, although the majority of viruses were entrapped 
in the aluminium fl oc particles, some of the viruses 
remained suspended in the liquid phase. Not all the sus-
pended viruses were infectious; some were likely inacti-
vated by the virucidal activity of aluminium coagulant. 
Thus, virus removal during the coagulation process 
includes two mechanisms: entrapment in fl oc particles 
and inactivation [115]. The PFU method, however, can 
detect neither the viruses entrapped in the fl oc parti-
cles nor the inactivated viruses judging from its mea-
surement principle. Therefore, even though the virus 
concentration measured by the PFU method decreases 
in the liquid phase during the coagulation process, it 
remains unclear whether the decrease results from the 
entrapment in fl oc particles, inactivation, or both [110].

3.3. Algae removal

The eutrophication of surface water is a worldwide 
problem, which is increasing in signifi cance [116]. Eutro-
phication is caused by excessive inputs of nutrients 
especially phosphorus that stimulate nuisance growth 
of algae. The omnipresence of algae caused by the eutro-
phication of surface water is the current and growing 
problem in the production of drinking water. To control 
the massive growth of algae in lakes and reservoirs, 
the impact of some chemicals such as copper sulphate, 
potassium permanganate, on algae were studied. Cop-
per sulphate [CuSO4 5H2O] has been used to control 
nuisance algae in lakes and reservoirs for more than 80 
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years, and is considered to be an effective algicide avail-
able. Potassium permanganate was also studied on the 
specifi c use as an algicide for reservoirs [116].

In DWT, conventional coagulation is still the main 
treatment process for algae removal. Massive growths 
of algae have caused many problems. Some algae cause 
uncomfortable tastes and odours, some algae cause fi l-
ter clogging, some algae can penetrate the fi lter, lead-
ing to the deterioration of drinking water quality. Algae 
are also a precursor of DBPs. Algae removal from water 
treatment process is diffi cult because of their small size 
and the low specifi c gravity [116].

It was reported that pre-treatment with oxidants 
may enhance the coagulation process and specifi cally 
enhance the removal of algae and other particulate mat-
ters in subsequent treatment steps [117–119]. The effects 
of chlorine, ozone and chlorine dioxide on Scenedesmus 
sp. cultures were studied [120]. Algal cells activity 
and chlorophyll concentration decreased, and the con-
centration of dissolved organic substances increased 
with increasing applied oxidant concentration. It was 
found that pretreatment with chlorine dioxide (1, 3 
or 5 mg l−1) or ozone (2.6, 4.6 or 8.1 mg l−1) on algal 
cultures enhanced algal coagulation with aluminium 
sulphate, while prechlorination with 10 or 20 mg l−1 
chlorine increased the required dosage of alum by 
15%. However, the negative effect of using chlorine 
and chlorine dioxide resulting from the formation of 
by-products are limiting the use of these chemicals as 
pre-oxidants. In addition, it was recently recognised 
that the ozonation of waters containing bromide may 
lead to the formation of bromate at a level suspected of 
being hazardous to health, which is a negative aspect 
for using ozone as a preoxidant.

Potassium permanganate has been investigated 
as an alternative preoxidant for the direct fi ltration of 
impounded surface water. The experiments of modi-
fi ed jar test apparatus and pilot plants showed that per-
manganate pre-treatment followed by coagulation with 
dual coagulants (ferric sulphate and cationic polymer) 
distinctly improved the particle and algae removal com-
monly achieved in direct fi ltration [121]. It is suggested 
that the common mechanism of algae removal by oxi-
dant is the destruction of the algae architecture to vari-
ous extent through different ways of oxidation.

Potassium ferrate [K2FeO4] is another strong oxidis-
ing agent, which has a strong redox potential through the 
entire pH range, ranging from −2.2 V in acid to −0.7 V in 
base [120]. Several investigations have been conducted 
in applying potassium ferrate as a favourable alterna-
tive disinfection to chlorine for the disinfection of water 
and wastewater [122–125]. It is found that ferrate(VI) ion 
appeared to be an effective antifoulant [116], as only short 
contact times were required for ferrate concentration

of 10−5 M to control the biofi lm growth. In addition, 
recent study found that ferrate treatment did not pro-
duce any mutagenic by-products during the treatment 
process [126].

On the other hand, excess growth of cyanobacteria 
[127] and needle-like diatoms affects the coagulation 
effi ciency in fl occulation and sedimentation processes 
[128,129]. A dose increase of coagulant is a tentative way 
to improve the coagulation effi ciency, but this creates 
subsidiary problems, including an increased cost for the 
coagulant and sludge treatment.

Some researchers have reported that algogenic 
organic matter (AOM) is involved in the reduction of 
coagulation effi ciency [130], and one of the inhibitory 
mechanisms is that AOM can form complexes with cat-
ions in coagulant, which deteriorates the coagulation 
ability of the coagulant [131]. It has also been reported that 
the formation of polynuclear mixed ligand complexes 
between AOM and metals in the coagulant gives rise 
to an increase in the dissolved and colloidal coagulants 
that cannot be effective in the coagulation process [132]. 
However, AOM that can chelate metals in the coagulant 
and contribute to the reduction of coagulation effi ciency 
have yet to be identifi ed. The identifi cation of constitu-
ents of AOM forming complexes with coagulant could 
lead to the elucidation of the inhibition mechanism, 
which makes it possible to establish alternatives to over-
come the interferences of the coagulation process caused 
by the excess growth of cyanobacteria [127].

4. Optimisation of the coagulation/fl occulation process

The presence of unsetteable organic or mineral 
substances causes some problems in obtaining drink-
ing water [133,134]. Generally, these substances are in 
colloid systems, i.e. the dispersed phase are about the 
particles of small sizes (about a few microns). The very 
signifi cant specifi c surface area of the particles and the 
existence of a surface charge on these colloids explain 
the prevalence of surface forces over volume forces, 
which stabilise the systems and remove any possibility 
of elimination by spontaneous settling [135,136].

In some cases, the addition of mineral salts or 
organic compounds causes the agglomeration of these 
particles, allowing their elimination by decantation or 
fi ltration [137]. In most WTPs, the minimal coagulant 
concentration and the residual turbidity of the water are 
determined by the Jar-Test technique [138]. However, 
this often involves problems of excess or an insuffi cient 
coagulant, particularly during periods of fast varia-
tions of water quality. Understanding these phenomena 
requires taking into account the physical and chemi-
cal natures of the water to be treated [139]. Moreover,
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statistical and modelling studies have been performed 
which allowed the automation of the process for natu-
ral water with well-defi ned supplies and very different 
compositions [133].

It is known that the characteristics of the water are 
important in the particle-coagulant interaction [140]. 
The role of the pH is particularly signifi cant in so far as 
it determines at the same time the electrical charge of 
organic and inorganic colloids and it is a major factor 
in the hydrolysis of aluminium salts [141]. According to 
Gregor et al. [142], pH control (adjustment to 5 or less 
before coagulation) improves soluble matter removal, 
with pH adjustment during the fl occulation phases by 
lime addition. Moreover, several authors have studied 
the infl uence of temperature on the pH and the minimum 
concentration of alum and on the initial turbidity [143].

Kawamura [144] has shown the importance of the 
nature of clay in suspension on residual turbidity and 
alum levels at optimum fl occulation. Moreover, the 
presence of HSs in natural water causes some problems, 
for instance brown-red colouring. According to several 
studies [133], for pH values between 6 and 8, their elimi-
nation depends on their adsorption on the aluminium 
hydroxides. Their chelating properties [133] interfere 
with the C/F process. According to Masion et al. [145], 
aluminium is poorly polymerised in fl ocs formed by 
C/F of OM. In the case of Vilgé-Ritter et al. [146], the 
removal of OM not only depends on the type of coagu-
lant but also on the organic compounds: for alum, they 
have observed a greater effi ciency at pH 7; with a good 
affi nity of alum for polyhydroxyaromatic compounds. 
Polysaccharides, proteins and amino-sugars are not well 
coagulated by alum.

5. Application of electric fi eld in some chemical 
processes

5.1. Electro-microfi ltration

In order to increase the effi ciency of microfi ltra-
tion (MF), electro-MF has been used for the treatment 
of wastewater [147]. The control of membrane fouling 
by the application of external direct current (DC) elec-
tric fi elds has been studied in several applications, and 
in some cases a clear enhancement has been achieved. 
This treatment technology has been found to be capable 
of reducing the formation of fi lter cake and increasing 
the fl ux of fi ltrate [147]. MF enhanced by electric fi elds 
provides a very effi cient technique for the removal from 
water of hydrophobically modifi ed water soluble poly-
mer. An electrically enhanced crossfl ow MF (EECMF) 
was used for the treatment of oxide-CMP (chemical 
mechanical polishing) wastewater [147]. However, there 
are few case studies of applications as pre-treatment step 

in wastewater treatment. It is also reported that electric 
fi elds treatment as non-thermal process are being devel-
oped to inactivate pathogenic microorganisms in food 
industry [147]. In addition, it was effective to remove 
nitrate ion by forming insoluble complex salt under elec-
tric fi elds [147].

Kim et al. [147] have evaluated the effect of electric 
fi elds application for the reduction of membrane foul-
ing, the inactivation of microorganisms and the enhance-
ment of particle coagulation. It was found that electric 
fi elds treatment prior to MF showed in large quantity of 
cumulative permeates than those in non-electric fi elds. 
This is attributed to the promotion of particle coagula-
tion and interaction between particle and membrane 
surface. The number of active bacteria was reduced by 
electric fi elds treatment. This may be a positive result 
for the prevention of membrane biofouling as well as 
microbial inactivation. Coagulant dosage could also 
be saved about 75% compared with non-electric fi elds 
in terms of the 95% turbidity removal at 10 (kV cm−1). 
Therefore, it is expected to improve the effi ciency and 
the economics of the process by providing electric fi elds 
for wastewater treatment [147].

5.2. Phase equilibria modifi cation by electric fi elds

The tendency of electrifi cation of some unit opera-
tions is well pronounced. Indeed, the use of electric 
fi elds to favourably manipulate the thermodynamic 
and transport properties of mixtures, so that higher 
separation effi ciencies can be achieved, is well proved 
[148]. The main focus was to understand and quantify 
the infl uence of electric fi elds on vapour-liquid, liquid-
liquid, and solid-liquid systems, which have applica-
tions in solvent extraction, sorption, distillation, and 
vapour stripping. Such processes are widely used for 
treatment of wastes and sites contaminated with heavy 
metals, radionuclides, and organic solvents. Particular 
examples of applications of vapour-liquid-equilibria 
modifi cation can be found in the separation of volatile 
organic compounds by either vapour stripping or distil-
lation. Improvements can also be made in liquid-liquid 
extraction processes of Sr, Tc, and Cs by both thermody-
namic and transport enhancements. Enhanced separa-
tions of metal ions by sorption can be used to remove 
such metal ions as Cs, Sr, Co, Pu, Cr, Cd, and Hg from 
aqueous solutions. Several discoveries have been made 
regarding the application of electric fi elds to modify 
equilibrium and enhance transport in multiphase sys-
tems. Technologies, such as electroextraction and elec-
trosorption, have been identifi ed for further research 
and development activities because they offer several 
benefi ts for tank waste treatment and environmental 
cleanup efforts. In electroextraction, electric fi elds are 
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applied to solvent extraction systems to improve trans-
port of chemical species and phase separation. A novel 
means for inducing phase inversion in a liquid disper-
sion that provides the opportunity for increased perfor-
mance and improved process control has been devised. 
In electrosorption, an electric fi eld is employed to 
enhance the capacity and kinetics of sorption of metal 
ions and anions by sorbents of high electrical conduc-
tivity and porosity. This process can be used in situ for 
groundwater treatment, and the sorbent can be readily 
regenerated by simply removing the electric fi eld [148].

More details about electroextraction and electrosorp-
tion may be found elsewhere [148].

6. Electrophoresis

The scientist beginning a study of a material of bio-
logical origin or of a biological process is often faced 
with the problem of having to separate and examine the 
properties of molecules of high MW such as proteins and 
enzymes, nucleic acids, and complex lipids and carbo-
hydrates. In almost all cases it is also necessary to cause 
a little damage as possible to the molecules so that their 
properties are not changed signifi cantly. Thus current 
separation methods usually lean heavily on physical 
processes which cause the minimum disturbance to both 
the physical and chemical properties of the molecules 
and which result in the maximum retention of any bio-
logical activity which the molecule may possess [149].

Within the fi elds of protein and nucleic acid chem-
istry the vast majority of separation methods fall into 
three broad categories, namely those based on (1) size 
differences, those based on (2) differences in the electri-
cal charge carried by the molecules, and those based on 
(3) some specifi c biological or chemical property of the 
molecules under investigation. It must be stressed at the 
outset that it is not always possible or necessary that 
these categories should be completely distinguished 
from one another. For example some separations based 
primarily on charge differences are infl uenced to some 
extent by size differences. However, separation methods 
which are based mainly on size differences, such as gel 
fi ltration, ultrafi ltration, and the use of ultracentrifuges, 
and also methods based on some specifi c property of the 
molecules, such as affi nity chromatography, immuno-
adsorption, precipitation procedures, etc., fall outside 
the scope of this review and will not be considered fur-
ther [149].

The two general areas covered by separations based 
completely or largely on charge differences between 
molecules include those using ion-exchange media and 
those using the various forms of EP. The former can be 
used for both analytical and preparative work and may 
be comparatively readily scaled up to the industrial 

scale. Although the different methods of electrophoretic 
separation have their own particular advantages and 
disadvantages, at present they are all confi ned to the 
analytical or small-scale preparative range. At the ana-
lytical level electrophoretic methods can be unrivalled 
for resolution and sensitivity [149].

6.1. Basic principles of electrophoresis

The term EP is used to describe the migration of a 
charged particle under the infl uence of an electric fi eld 
[150]. Under conditions of constant velocity the driving 
force on the particle is the product of the effective charge 
on the particle Q and the potential gradient E, and this is 
balanced by the frictional resistance f of the medium. In 
free solution this obeys Stokes’ law so that

f = 6prvh (7)

where r is the radius of the particle moving with veloc-
ity v through a medium of viscosity h. However, Stokes’ 
law in not obeyed strictly in gels, and f then depends 
on a number of factors which include gel density and 
particle size [151].

The EM m is defi ned as the distance d travelled in 
time t by the particle under the infl uence of the potential 
gradient E so that

m = d/tE or m = v/E (8)

Thus measured migration distances are proportional 
to EMs but direct comparisons between different experi-
ments can only be made if the products tE are equal in 
all cases. It also follows that, ideally, if all other condi-
tions are equal a second experiment run at double the 
potential gradient (voltage) for half the time would 
result in the particle migrating the same distance d as 
in the fi rst experiment. However, this relation is only 
approximately true and it is infl uenced by a number 
of factors including particularly the effects of the extra 
heat generated by increasing current. Nevertheless, a 
quick calculation of volts multiplied by time can be a 
useful rough practical guide when seeking an idea of 
how altering either of these two factors will infl uence 
the course of an electrophoretic separation [149].

The potential gradient E also corresponds to the 
ration of the current density J to the specifi c conductiv-
ity k, so the velocity of the charged particles can also be 
expressed as

v = Em = mJ/κ    (9)

Most of the large molecules with which we will be 
concerned possess both anionic and cationic groupings 
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as part of their structure and hence are termed zwit-
terions. Since the dissociation constants (pK values) of 
these groups will differ widely, the net charge on such a 
molecule will depend upon the pH of its environment so 
that pH will also infl uence the mobility of the molecule. 
The ionic strength determines the electrokinetic poten-
tial which reduces the net charge of the effective charge 
and it is found that the mobility of the charged particle 
is approximately inversely proportional to the square 
root of the ionic strength. Low ionic strengths permit 
high rates of migration, while high ionic strengths give 
slower rates but in practice sharper zones of separation 
than low ionic strength buffers [151].

Unfortunately, the higher the ionic strength of the 
buffer the greater the conductivity and the greater the 
amount of heat generated. Increasing temperature 
causes an increase in the rates of diffusion of the ions 
and also an increase in the ionic mobility amounting to 
about 2.4 per cent per degree Celsius rise in tempera-
ture. At the same time the viscosity of the medium falls 
with rising temperature. Thus the electrical resistance 
decreases and at a constant voltage the current will rise 
increasing the heat output still further. The choice of buf-
fer strength then may be seen to be crucial since it effec-
tively determines the amount of electrical power which 
can be applied to the system. Too high a power input 
results in excessive heat generation which may lead 
to an unacceptable rate of evaporation of solvent from 
the medium, and in free-solution systems can result in 
convection currents and a mixing of separated zones. In 
cases which are rather sensitive to heat there may even 
be a denaturation of proteins or a loss of enzymic activ-
ity. In contrast, too low a power input may overcome 
any heating problem but can also lead to poor separa-
tions as a result of the increased amount of diffusion that 
may occur in the running time is too long [149].

The removal of heat generated by the passage of the 
electrical current is one of the major problems for most 
forms of EP since cooling inevitably results in the forma-
tion of a temperature gradient between those parts of 
the medium that are better cooled than others. Because 
of the factors discussed above, any temperature gradient 
or temperature difference will lead to distortions in the 
bands of the separated molecules due to variations in 
the rates of migration through the medium. In the forms 
of EP carried out in cylindrical tubes or in slabs cooling 
is more effective at the outer edge of the medium than in 
the middle and curved band results [149].

We can see then that the basic concept of EP is a very 
simple one but that the progress of the charged particle 
or ion through the medium is infl uenced by an almost 
bewilderingly large number of factors. However, it is 
precisely because of these various infl uences, that the 
principle can be turned to good use by the investigator. 

For example, if size was not a factor there would be no 
separation between a large particle with a particular 
charge and a small one with a similar charge. Likewise, 
a non-homogeneous supporting matrix is deliberately 
introduced in the technique of gradient gel EP to aid sep-
aration, while an equalisation of the charges of cationic 
and anionic groups to give molecules with no net charge 
is the basic requirement for isoelectric focusing [149].

EP utilises a difference in movement of species in a 
separation channel or space for their spatial separation 
[152]. A basic partial differential equation that results 
from the balance laws of continuous processes in sepa-
ration sciences is the nonlinear conservation law or the 
continuity equation. Attempts at its analytical solution in 
EP go back to Kohlrausch’s days. Recently, Gaš [152] (i) 
has reviewed derivation of conservation functions from 
the conservation law as appeared chronologically, (ii) 
deals with theory of moving boundary equations and, 
mainly, (iii) presents the linear theory of eigenmobilities. 
It shows that a basic solution of the linearised continu-
ity equations is a set of travelling waves. In particular 
cases the continuity equation can have a resonance solu-
tion that leads in practice to schizophrenic dispersion of 
peaks or a chaotic solution, which causes oscillation of 
electrolyte solutions [152].

Apparatus for conducting EP, such as that illustrated 
in Fig. 8 [150], is remarkably simple and low cost. The gel 
medium, which is supported on glass plates, is inserted 
into a Plexiglass chamber. Two buffer reservoirs make 
contact at each end of the gel. Electrodes immersed in the 
buffers complete the electrical circuit between the gel and 
power supply. Many samples can be separated simulta-
neously, since it is possible to use a multilane gel. One or 
two lanes are frequently reserved for standard mixtures 
to calibrate the electropherogram. Calibration is usually 
based on molecular size or in isoelectric focusing [150].

Fig. 8. Drawing of an apparatus for slab-gel EP [150].
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6.2. Dynamic computer simulations of electrophoresis

In the seventies and early eighties, computers 
became available and researchers began to develop 
simulation models for EP. These efforts were driven by 
the interest of exploring the dynamics of electrophoretic 
processes [153], including those associated with zone 
EP (ZEP), moving boundary EP (MBEP), and thereby 
identifying the underlying chemical and physical pro-
cesses involved in the separation of charged compounds 
in solution under the infl uence of a DC electric fi eld. 
The models are based upon equations derived from 
the transport concepts in solution together with user-
inputted conditions, such as concentrations, mobilities, 
diffusion coeffi cients, pK values, electric fi eld strength 
or current density, column length and its segmentation, 
and chip EP [154–159].

6.3. Electrophoresis is an induced phenomenon in 
electrocoagulation process

From the above short description, we can conclude 
that EP – effective method of separation – since it depends 
upon DC electric fi eld using two electrodes (anode (+) 
and cathode (–)) as for EC - for which the anode is sacri-
fi cial – take place in the EC device. However:

1. In EC process, we have not to separate the molecules 
of high MW such as proteins and enzymes, nucleic 
acids, and complex lipids and carbohydrates, we 
have to remove NOM (HSs) and OMs from water.

2. In EP process, within the fi elds of protein and nucleic 
acid chemistry the vast majority of separation meth-
ods fall into three broad categories, namely those 
based on (1) size differences, those based on (2) dif-
ferences in the electrical charge carried by the mole-
cules, and those based on (3) some specifi c biological 
or chemical property of the molecules under investi-
gation. In EC process, we have also these separation 
methods which are more complicated with metal ion 
liberation from the anode and hydrogen liberation 
from the cathode.

3. The term EP is used to describe the migration of a 
charged particle under the infl uence of an electric 
fi eld. The term EC is used to describe the in situ pro-
duction of Al3+/Fe2+ instead of aluminium/iron salt 
adding as in the case of conventional coagulation 
where the migration of a charged particle under the 
infl uence of an electric fi eld take more place.

6.4. Indecisiveness of electrophoretic mobility determination 
in evaluating Fe(III) coagulation performance

Coagulation using a hydrolysable metal salt (HMS) 
like FC is an important process for removing particles 

in water industry [160]. The removal of particles in an 
HMS coagulation is thought to occur via two primary 
mechanisms: CN and SC [161]. Dosed HMS can be 
quickly and evenly distributed into water during the 
fi rst stage of a coagulation process, rapid mixing. Many 
hydrolysed species are formed very quickly upon HMS 
addition. Most of these species are positively charged 
and believed to lower the repulsive forces between the 
negatively charged particles by CN. The second stage, 
fl occulation, is to agglomerate particles by chemically 
joining or bridging them together. SC occurs in which 
voluminous fl ocs are formed. The water is clarifi ed 
when fl ocs that contain particles are separated from 
water [160].

In the fi eld of coagulation, EM is utilised to charac-
terise the electrostatic charge of particles and to judge 
whether the particles are destabilised. Most particles 
in a natural aqueous system are negatively charged, 
refl ected as negative EM [23]. During Fe(III) coagula-
tion, the negatively charged particles are neutralised by 
positively charged Fe(III) hydrolysis species. As a con-
sequence, the negative EM of particles shifts towards a 
more positive direction. Many studies have been con-
ducted to establish the relationship between the particle 
removal effi ciency and the changes in the EM, such as 
sign reversal [160,162]. These studies indicate that an 
effective Fe(III) coagulation performance is produced 
when the suspension EM is close to zero. An ineffective 
coagulation process is usually attributed to the restabi-
lisation of particles in the case of excessive coagulant 
dosage marked by a highly positive EM, or stabilisation 
in the case of underdose refl ected as a highly negative 
EM [160,162]. However, there are also some confl icting 
views. Letterman et al. [23] pointed out that, when an 
HMS is used, it is inconsistent and diffi cult to interpret 
coagulation behaviour through EM or ZP measure-
ment in certain cases [23]. Furthermore, when fl ocs 
are formed, some particles can be enmeshed by fl ocs. 
Whether the SC effi ciency depends on suspension EM 
is a question to date.

In their study [160], the signifi cance of EM determi-
nation in evaluating Fe(III) coagulation performance 
was questioned. It was found that SC, an important 
coagulation mechanism for particle removal, was inde-
pendent of the surface charge of particles refl ected as 
EM; there was no decisive relationship between coagu-
lation performance and suspension EM. The coagula-
tion behaviour cannot be simply predicted on the basis 
of EM measurement. A highly positive EM or a highly 
negative EM did not contradict the fast growth of fl ocs 
or high turbidity removal effi ciency. A good coagulation 
performance was not necessarily produced when EM 
was about zero. As long as the solution pH and Fe(III) 
concentration favoured the formation and fast growth 
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of ferric hydroxide precipitate, Fe(III) coagulation per-
formed well regardless of the suspension EM. Without 
fl ocs, coagulation through CN proceeded slowly and 
particle removal effi ciency was low. Therefore, suspen-
sion EM or the surface charge of particles becomes less 
insignifi cant if a fast coagulation process and high par-
ticle removal effi ciency are required. In the studies of the 
particle aggregation without voluminous fl ocs enmesh-
ing particles, the EM would still be a useful param-
eter because in this case particle aggregation is mainly 
induced by the double layer compression and/or CN.

Furthermore, by monitoring the fl oc growth rate 
and suspension EM, the fl oc formation region was con-
structed within the solubility diagram of ferric in equilib-
rium with amorphous Fe(OH)3(am). It was found that CN 
and restabilisation also existed within the fl oc formation 
region. CN and SC usually occurred sequentially (Fig. 9) 
during Fe(III) coagulation if fl ocs were formed [160].

7. Electrocoagulation

EC [163] is a process consisting of creating metallic 
hydroxide fl ocs within the water by electrodissolution 
the soluble anodes, usually made of iron or aluminium 
[164]. The difference between EC and CC is mainly in 
the way of which iron/aluminium ions are delivered 
[165]. In EC, coagulation and precipitation are not con-
ducted by delivering chemicals – called coagulants – to 
the system, but via electrodes in the reactor [166,167].

EC is based on the fact that the stability of colloids, 
suspensions and emulsions is infl uenced by electric 
charges [168]. Therefore, if additional electrical charges 
are supplied to the charged particles via appropriate 
electrodes, the surface charge of particles is neutralised 
and several particles combine into larger and separable 
agglomerates [169]. Electrode assembly is the heart of 
the treatment facility [170]. Therefore, the appropriate 

selection of its materials is very important. The most 
common electrode materials for EC are aluminium 
and iron. They are cheap, readily available, and proven 
effective [171].

The mechanism of EC is highly dependent on the 
chemistry of the aqueous medium, especially conduc-
tivity. In addition, other characteristics such as pH, par-
ticle size, and chemical constituent concentrations will 
also infl uence the EC process. EC has occurred in three 
steps: in fi rst step, coagulant has formed because of oxi-
dation of anode; in second step, pollutants have destabi-
lised; and in last step, destabilised matters have united 
[172,173].

As seen above, CC results from two basic mecha-
nisms; perikinetic or electrokinetic coagulation in which 
the ZP is reduced by ions or colloids of opposite charge 
to a level below the van der Waals attractive forces and 
orthokinetic coagulation, in which the micelles aggre-
gate and form clums which agglomerate the colloidal 
particles [162, 163].

7.1. The pH as a key parameter in coagulation and 
electrocoagulation

In both coagulation processes (chemical and elec-
trochemical) it is common the use of aluminium or iron 
reagents as coagulants [30,174,175].When these reagents 
are added to the wastewater, different hydrolysis spe-
cies are formed. According to literature [133,176], the 
main parameters infl uencing the speciation are the pH 
and the metal concentration (Fig. 9). In this context, it is 
widely reported the formation of monomeric hydroxo-
metallic ions that coexist with the metallic hydroxide 
precipitates. The aluminium hydroxide precipitate 
presents a minimum solubility in the region of pH 6 
and the chemistry of monomeric ions is complex and 
it infl uences signifi cantly on the coagulation process. 
On the contrary, ferric hydroxide precipitate shows a 
much lower solubility over a rather broad pH range 
and this limits the infl uence of the monomeric species 
on the coagulation results [177]. As well, in addition to 
these species, it is reported the formation of polymeric 
hydroxometallic ions, especially under high metal con-
centrations [178,179]. All these hydrolysis metal species 
can interact with different types of pollutants, achieving 
their removal from the wastewaters. These interaction 
processes are strongly related to the metal speciation, 
and they can be summarised into three main types:

• The metallic ionic monomeric species can neutralise 
the charge of the pollutants by adsorption on their 
surfaces (or by binding to their ionised groups).

• The metallic ionic polymeric species can bind to sev-
eral particles (or molecules) of pollutant at a time.

Fig. 9. Coagulation diagram for alum [133].
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• The pollutants can be enmeshed into growing metallic 
hydroxide precipitates, or can be adsorbed onto their 
surfaces [180].

7.2. Electrocoagulation and electrofl otation for wastewater 
treatment

Among the electrochemical technologies [181–183], 
EC and EF may be effective substitutions for conven-
tional coagulation and fl otation in a wastewater treat-
ment process [162,184]. EC/EF has been reported to 
successfully treat wastewater of different kinds, contain-
ing oil [171,185,186], fl uoride [187], arsenic [188], dyes 
[189–192], suspended particles [193–195], surfactants 
[196,197], HA [198], chromium ions [199], phosphate 
[172], microorganisms [200] and so on. As mentioned 
above, EC is an electrochemical technology of treating 
polluted water whereby sacrifi cial anodes dissolve due 
to an applied potential, thus producing active coagulant 
precursors. EC is a complicated process with a multi-
tude of mechanisms operating synergistically to remove 
the pollutants in wastewaters. It offers the possibility of 
anodic oxidation and in situ generation of active adsor-
bents (such as hydrous ferric oxides, hydroxides of alu-
minium). At the same time cathodic reactions occur and 
the evolution of hydrogen gas is involved, causing fl ota-
tion of the absorbents. Good reviews of EC were given 
by Chen [201], Mollah et al. [202], and Holt et al. [203]. In 
the EC cell, the electrochemical reactions with metal Al 
as electrodes are as follows [163,181,204–206]:

At the cathode:

3H2O + 3e– → (3/2)H2(g) + 3OH–
(aq), for fl otation (10)

2Al(s) + 6H2O + 2OH–
(aq) → 2Al(OH)4

–
(aq) + 3H2(g) (11)

At the anode:

Al(s) → Al3+
(aq) + 3e–, for CN (12)

2H2O → 4H+
(aq) + O2(g) + 4e– for fl otation (13)

In the solution:

Al3+
(aq) + 3H2O → Al(OH)3(s) + 3H+

(aq) for SC (at acid pH) 
(14)

Al3+
(aq) + 3OH–

(aq) → Al(OH)3(s) for SC (at alkaline pH) (15)

Reactions (11) and (15) may be more pronounced 
when pH is alkaline and Reaction (14) will be at acid 
conditions [207]. The Al3+ ions generated immediately 
hydrolyse to produce corresponding hydroxides and/or 
polyhydroxides in adequate pH. The Al hydroxides and 
polyhydroxides from the electrochemical dissolution 
were reported to have stronger affi nity to capture the 
pollutants in the wastewater, causing more coagulation 

than those from the conventional Al coagulants. Addi-
tionally, the gas bubbles that evolve due to the water 
electrolysis (EL) can cause fl otation of the pollutants and 
the coagulated materials. Therefore, EF may also play 
an important part in an EC cell. Although the Al(OH)3 
produced by the anodic Al dissolution is thought more 
active to coagulate the pollutants in wastewater, the pas-
sivation of Al anodes and impermeable fi lm formed on 
cathodes may interfere with the performance of EC and 
EF [203]. The formation of an inhibiting layer on the Al 
electrode surface prevents Al dissolution and electron 
transfer, limiting Al3+ to the solution. As a result, the EC 
system is usually designed to operate in a condition of 
high voltage, usually higher than 10 V, to break down 
the inhibiting layer. The energy consumption is thus 
high and the electrodes are likely to be destroyed when 
using a high voltage for the long-term operation [181].

For iron electrodes, a study on mechanism of EC 
with Fe electrodes in idealised conditions is presented 
in our paper [208].

7.3. Electrocoagulation for virus removal

Zhu et al. [209] studied virus removal by iron EC fol-
lowed by MF in water treatment using the MS2 bacterio-
phage as a tracer virus. In the absence of EC, MF alone 
achieved less than a 0.5-log removal of MS2 virus, but, 
as the iron-coagulant dosage increased, the log virus 
removal increased dramatically. More than 4-log virus 
removal, as required by the Surface Water Treatment 
Rule, was achieved with 6–9 mg Fe3+ l−1. The experimen-
tal data indicated that at lower iron dosages and pH 
(< ~8 mg Fe l−1 and pH 6.3 and 7.3) negatively charged 
MS2 viruses fi rst adsorbed onto the positively charged 
iron hydroxide fl oc particles before being removed by 
MF. At higher iron dosages and pH (> ~9 mg Fe l−1 and 
pH 8.3), virus removal was attributed predominantly 
to SC and subsequent removal by MF. Additionally, the 
experimental data showed no obvious infl uence of ionic 
strength in the natural water range of 10−7–10−2 M on MS2 
virus removal by EC-MF. Finally, EC pretreatment signifi -
cantly outperformed CC pretreatment for virus removal. 
The proposed mechanism for this improved performance 
by EC is that locally higher iron and virus concentrations 
and locally lower pH near the anode improved MS2 SC 
by iron fl ocs as well as adsorption of MS2 viruses onto the 
iron fl oc particles [209].

8. Electrolysis

8.1. Introduction

The word “lysis” means to dissolve or break apart, 
so the word “electrolysis” (EL) literally means to break 
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substances apart by using electricity [210]. Michael 
Faraday fi rst formulated the principle of EL in 1820. The 
process occurs in an electrolyte, a watery solution or a 
salt melting that gives the ions a possibility to transfer 
between two electrodes. The electrolyte is the connection 
between the two electrodes, which are also connected 
to a DC. If you apply an electrical current, the positive 
ions migrate to the cathode while the negative ions will 
migrate to the anode. At the electrodes, the cations will 
be reduced and the anions will be oxidised. EL is the 
chemical decomposition and/or dissociation of organic 
and inorganic substances by an electrical current. The 
electrolytic cell contains an anode and a cathode, where 
separate oxidation and reduction reactions occur [210].

In the anode, there are the following oxidation reactions:

Me1(insoluble) = Me1
m+(soluble) + me_ (16a)

4OH_
(aq) = 2H2O + O2(g) + 4e_ (16b)

2Cl
_

(aq) = Cl2(g) + 2e_ (16c)

Where Me1 is metal in the anode. The electrode metal 
enters into the reaction, losing a fl ow of electrons to the 
electrode.

In the cathode, the following reduction reactions 
occur:

Me2
m+(soluble) + me_ = Me2(insoluble) (17a)

2H+
(aq) + 2e– = H2(g) (17b)

Where Me2
m+ is the soluble ion in the solution.

Hydrogen gas produced at the cathode creates turbu-
lence in the system, which can enhance the mixing. The 
gas also serves to transport the insoluble coagulated par-
ticles to the surface of the solution. Thus, a fl oating layer 
is formed at the liquid surface consisting of both hydro-
gen bubbles and entrapped suspended matter [210].

For an individual electrode, the net current fl ow-
ing through the wire to the electrode is the difference 
between the anodic and cathodic currents developed 
by the electrode reactions at the electrode interface. 
The utilisation of electrolytic precipitation for isolating 
a number of elements from aqueous solution has been 
practiced by analytical chemists since the 19th century 
[211]. The principles can be grouped into two basic cat-
egories: (a) EL at constant applied cell potential for the 
deposition of certain elements, and (b) EL at variable 
potential to maintain convenient current through the 
cell for the deposition of a large group of elements. It is 
obvious that such techniques can be applied to the area 
of wastewater treatment for the removal of undesirable 
elements. In addition to the dissolution of anodic metals 
or generation of oxygen, other strong oxidising agents, 
e.g., chlorine, can be generated in the anode if the 

appropriate types of electrolyte are present in solution. 
For the generation of chlorine, high levels of chlorine are 
needed for the process to be economically feasible.

Electrochemical methods for treatment of waste-
waters are not a new concept; as early as 1887, Eugene 
Hermite [210] described a method of treating sewage 
by electrolysing after mixing with seawater. He found 
that in addition to deodorising and disinfecting effects, 
Mg(OH)2 was produced as a fl occulant in the process, 
which helped to lower sewage solids effectively.

A series of techniques was then developed. Most 
of these required the use of sacrifi cial electrodes such 
as iron or aluminium to aid in sludge fl occulation and 
the addition of chloride for the generation of chlorine 
for disinfection. Several studies utilising such methods 
have been described in the literature and in patents, 
most of which are similar in principle with minor modi-
fi cations in the process or design of the electrode [210]. 
There has been a strong emphasis on development of 
electrochemical processes for wastewater treatment. 
Although the economic advantage of these processes 
over conventional secondary-tertiary processes has not 
been fully demonstrated, some studies show that EL is a 
promising method [212,213].

Earlier electrolytic wastewater treatment had 
been directed toward the generation of C12 or O3 for 
the deodorisation and disinfection of wastewater, or 
toward controlling part of another treatment process 
[214]. Most electrolytic odour control systems destroy 
malodorous emissions by oxidation. Ozone, although 
not strictly an electrolytic process in the usual sense, 
nevertheless must be produced at the treatment site 
by electrical means. The process, using a high-voltage 
alternating current (AC) silent discharge in air or oxy-
gen gas, can eliminate shipping of dangerous materials. 
The large-scale use of EL to treat sewage was demon-
strated in a coastal area (Guernsey, England) as shown 
in Fig. 10 [210]. The plant, which was constructed by 
CJB Process Ltd. in 1965, disinfected raw sewage with 

Fig. 10. Simplifi ed fl ow sheet of processes used in CJB 
Guernsey plant [210].
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a dose of electrolysed seawater that contained disinfec-
tant (Cl2) due to the reduction in the anode (Table 5) 
by the DC. CJB claimed that further improvement at 
Guernsey had halved the total processing time from 60 
to 30 min, and reduced production costs to 2–3 cents 
per 3.78 m3. The method, which had been used in oper-
ations on a much smaller scale at Sorrento, Italy, two 
years before the Guernsey plant, was shown to yield 
a fi nal effl uent that was aesthetically, hygienically; and 
economically acceptable.

In the United States, an EC cell utilising a metallic 
sacrifi cial anode as the generating source of coagulant 
was used by the General Electric Company as part of a 
shipboard waste-treatment system. Electrolytic waste 
treatments have been demonstrated over a considerable 
range of sizes and with various types of wastewaters in 
1972. A similar approach was recently intensively studied 
by researchers such as Chen et al. [215]. The EC approach 
is used for treatment of food wastewater. These systems 
with increasing frequency may prove to be the optimum 
processing method where electric power is available and 
particularly where space and safety are prime consid-
erations. Where electrolytes are neither present in nor 
available for addition to wastewaters, EL may be severely 
handicapped by the high electrical resistance of water.

8.2. Mechanisms of electrolysis

Electrochemical processes take place in an interfacial 
region between an electrode and an electrolyte where the 
mode of electric conduction changes from electronic to 
ionic. A schematic diagram of a typical EL cell is shown 
in Fig. 11. The kinds of reactions that predominate 

depend on the direction of current fl ow. The majority of 
the chemical reactions that have been useful for waste-
water treatment occur at the anode, where chemical 
oxidation takes place. In most instances, the main cath-
ode reactions produce hydrogen in water-disinfection 
applications more often a hazard than a desideratum. If 

Table 5
List of important chemical reactions in EC [210]

Location Reactiona

Anode 4OH−
(aq) = 2H2O + O2(g) + 4e−

2Cl−
(aq) = Cl2(g) + 2e−

Al(s) = Al3+
(aq) + 3e− (when Al is applied)

Fe(s) = Fe2+
(aq) + 2e− (when Fe is applied)

Cathode 2H+
(aq) + 2e− = H2(g)

O2(g) + 2H2O + 4e− = 4OH−
(aq)

Solution phase

 

nAl3+
(aq) + mOH−

(aq) = Aln(OH)m
3n−m

(aq) (when Al is applied)
Al3+

(aq) + OH−
(aq) = Al(OH)3(s) (when Al is applied)

iFe2+
(aq) + jOH−

(aq) + kH2O = Fei(H2O)k(OH)j
2i−j

(aq) (when Fe is  
     applied)
4Fe2+

(aq) + 10H2O + O2(g) = 4Fe(OH)3(s) + 8H+
(aq) (when Fe is  

    applied)
Fe2+

(aq) + 4H+
(aq) + O2(g) = Fe3+

(aq) + 2H2O (when Fe is applied)
iFe3+

(aq) + jOH−
(aq) + kH2O = Fei(H2O)k(OH)j

3i−j (when Fe is  
      applied)

ai, j, k, m, and n = 0, 1, 2, ….

Fig. 11. Schematic of typical electrolytic cell [210].
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heavy metal ions are present in wastewater, they may 
also be deposited on the cathode by the EL current. A 
process utilising this principle has been reported for 
recovery of metals from waste solutions [216]. The more 
toxic forms of chromium, i.e., Cr(VI), can be reduced to 
Cr(III) at a cathode, which is subsequently precipitated 
as Cr(OH)3(s) and removed from the waste stream. Cop-
per ion in wastewater can be reduced to its elemental 
form in the cathode, which can be reused.

Under normal circumstances the cathodic removal 
effi ciency for very low concentrations of trace metals 
would be extremely low. The most important use of 
cathodic reactions in water purifi cation is the raising of 
pH by the hydrogen ion removal. High pH precipitates 
Mg(OH)2(s) in waters containing magnesium and facili-
tates the removal of insoluble phosphates and carbon-
ates, as well as the removal of soluble phosphate and 
ammonia as Mg(NH4)PO4(s). It is useful to consider the 
anodic reactions for wastewater treatment as following:

Sacrifi cial anodes: Metal ions are generated in the 
aqueous phase directly from the electrode material. The 
most useful appear to be Fe2+/Fe3+ and Al3+. The major-
ity of the current is generated at the electrode surface 
by the loss of electrons in oxidising and dissolving the 
anode metal. The fate of the metal ions after dissolution 
depends on concentrations of the anion species. Both Fe3+ 
and Al3+ are precipitated as metal hydroxides in neutral 
solutions to produce fl ocs for fl occulating suspended 
solids [215]. Direct reaction may also remove nutrients 
(e.g., phosphate) as insoluble precipitates [210].

Inert electrodes: The participants in the anode reac-
tions all come from the solution as the anode material 
remains essentially unchanged. The reactions might 
include the oxidation of reduced metals, such as Fe(II) 
to Fe(III), or the discharge of negative ions, such as Cl− 
or OH−. The overall result of the discharge of Cl− ions 
is usually the hydrolysis of Cl2(g) in the water. The dis-
charge of OH− usually results in the release of oxygen at 
the anode, a reaction that is, of course, favoured by high 
pH. The production of oxygen (or ozone) at the anode 
will tend to lower the pH in the anode region just as, 
conversely, the production of H2(g) at a cathode raises the 
pH in that region [210].

8.3. Organic and suspended solids removal

The effective oxidation of organic removal in vari-
ous waste streams by the EL has been reported [202,203]. 
It can be used for treatment of industrial wastewaters, 
landfi ll leachate, and domestic sewage. Successful 
examples include colour removal and food wastewater 
treatment. Specifi c organic compounds such as phenols, 
tannic acid, lignin, EDTA, and aniline can be destructed 
by the approach [210].

8.4. Disinfection

It is normally required that the effl uents after sec-
ondary biological treatment be disinfected before being 
discharged into nearby waters. Chlorination is the major 
method of disinfection [210]. Other methods such as UV 
radiation and ozonation are still more expensive or less 
convenient than chlorination for the disinfection of the 
effl uents. It has been reported that the EL can kill a large 
spectrum of microorganisms including bacteria and 
algae [217–219].

During the process, the effl uents fl ow through the 
contactors equipped with electrodes on which DC is 
charged. The effl uent quality, nature of the electrodes, 
energy input, and other operational conditions infl uence 
the effectiveness of the process. It has been reported [210] 
that the process can generate a high disinfection effi ciency 
within a short contact time for the secondary wastewater 
effl uents and surface waters. Higher killing is normally 
observed in saline waters owing to the high content of 
chloride ions. The microbial killing is attributed to vari-
ous functions, including electrochlorination, destruction 
caused by the electric fi eld, and inactivation by strongly 
oxidative but short-lived intermediate radicals. The dis-
infection of microorganisms is due to oxidative stress 
and cell death caused by electrochemically generated oxi-
dants, irreversible permeabilisation of cell membranes by 
the applied electric fi eld, and electrochemical oxidation 
of vital cellular constituents during exposure to electric 
current or induced electric fi elds [217–219].

Electrochlorination refers to the production of com-
mon disinfectant chemicals such as Cl2 and NaClO in 
saline waters during the EL process. Chlorine gas pro-
duced at the anode causes the disinfection of waste-
waters, oxidation of OM, and bleaching of smaller 
degradation products. The following equations typify 
the reactions for this process:

2Cl–
(aq) = Cl2(g) + 2e– (16c)

Cl2(g) + H2O = HOCl(aq) + H+
(aq) + Cl–

(aq) (18a)

HOCl(aq) = H+
(aq) + OCl_

(aq) (18b)

In dilute solutions and at pH levels above 4, the reac-
tion showed in Eq. (18a) shifts to the right. The reaction 
shown in Eq. (18b) is also a function of pH and shifts to 
the right at pH > 7.5. The disinfection effi ciency is gener-
ally close to 100% for total coliform groups after a deten-
tion time of 30 min or longer with a sewage-to-seawater 
ratio of 9:1. However, the ratio varies depending on sew-
age strength. In order to determine how much electro-
lysed seawater should be used, it is necessary to install 
an active-chlorine analyser that effectively measures the 
strength of the sewage [210].
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Electrochlorination for disinfection has long been 
recognised. Other mechanisms also contribute to the 
killing. An electric fi eld can cause the inactivation and 
destruction of microorganisms by a series of electrochem-
ical reactions inside the cells and by electromechanical 
compression of the cell membrane. A series of short-lived 
and energy-rich free radicals generated during EL such as 
OH• and ClO2

–• plays a critical role in the killing. They are 
very unstable and diffi cult to detect; however, they are 
extremely reactive bactericidal agents and can provide 
nearly instant killing action. Chlorine ions in the saline 
solution can function as a catalyst to facilitate the gen-
eration of the short-lived free radicals and extend signifi -
cantly their functional life by a factor as high as 10 [210]. 
As a result, the effi ciency of microbial destruction is dra-
matically improved. Considering the short contact time 
and relatively low chlorine produced, it is quite unlikely 
that the main killing is chlorination. Therefore, Cl_ may 
act as a catalyst in the formation of free radicals, rather 
than as a precursor to Cl2(g) production.

A laboratory-scale EL disinfector was used for the 
disinfection of saline primary and secondary effl uent 
(with a salinity content of around 8% and a chloride 
content of 4,800–5,000 mg l−1), and freshwater secondary 
effl uent (with a chloride content of 110–130 mg l−1) [210]. 
A killing effi ciency of 99.9% on total coliform bacteria 
was achieved when the contact time of less than 10 and 
20 s and the power consumption of 0.006 and 0.08 kWh 
m−3, for the saline secondary effl uent and the saline pri-
mary effl uent, respectively. However, a similar degree 
of effectiveness for freshwater sewage effl uent was not 
observed, even with a longer contact time and higher 
power input.

Few such studies have been conducted with viruses 
(such as [209]). It is expected that viruses are more resis-
tant to electrochemical inactivation than bacteria. For 
example, bacteriophage, one of important viruses in 
water treatment, is not enveloped with a membrane and 
would be immune to inactivation processes involving 
irreversible membrane permeabilisation. Even envel-
oped viruses are more resistant than bacteria due to 
their smaller size. In addition, viruses tend to be more 
resistant to commercially used chemical disinfectants 
(e.g., chlorine) than vegetative bacteria. Drees et al. [220] 
reported that bacteriophages survived short exposures 
to various current magnitudes in an electrochemical cell 
better than bacteria at both low and high population 
density [220]. The inactivation rate of bacteria exposed 
to a low current magnitude (5 mA) for an extended time 
ranged from 2.1 to 4.3 times greater than that of bacte-
riophages, indicating that bacteria are more sensitive to 
EL than bacteriophages. It was found that electrochemi-
cally generated oxidants were a major cause of inactiva-
tion within the electrochemical cell.

Since viruses are more resistant than bacteria to the 
electrochemical inactivation, use of this technology in 
fi elds that affect human health (such as drinking water 
disinfection) must ensure the destruction of viruses, not 
just bacteria, in order to consider the treated medium 
safe. Another disadvantage of its application for water 
disinfection is the formation of undesirable DBPs. These 
compounds are not only formed in the disinfection, but 
also in its application for OM if the chloride ions are 
present in the solution. The by-products include chlo-
roform, chloromethane, bromodichloromethane, and 
1,1,1–trichloroethane; they are suspected human car-
cinogens. Careful control and management are therefore 
important [210].

9. Electrofl otation

9.1. From fl otation to electrofl otation

Recently, the technique of fl otation has emerged as 
a unit process for effl uent treatment [221]. The adsorb-
ing colloid fl otation, in particular, has been shown to be 
a powerful technique for the removal of traces of toxic 
metals from effl uents, on both laboratory and pilot 
plant scale. The technique of adsorbing colloid fl ota-
tion involves the preparation of a suitable colloid, like 
Fe(OH)3, Al(OH)3, HgS, etc., in the effl uent in order to 
adsorb the toxic metal ions on the surface and then effect 
the solid-liquid separation by fl otation after adding a 
suitably chosen surfactant. One of the major hindrances 
for the scale up of this technique is the high cost of the 
surfactants. It has been argued that the use of a surfac-
tant with a proper charge, i.e., opposite to the surface 
charge on the colloid, is essential to affect such a fl ota-
tion. There are two theoretical models which have been 
suggested to describe the process of fl otation. According 
to the fi rst model, the surfactant is fi rst adsorbed at the 
gas-water interface charging electrically the bubble sur-
face with a charge opposite to that of the colloid, so that 
the colloid is attracted to the rising bubble. The second 
model assumes that the surfactant is fi rst adsorbed on 
the colloid surface, making the surface hydrophobic, and 
thus forcing the colloid to the surface of the rising bub-
ble. However, in practice both mechanisms operate [221].

Manohar et al. [221] have shown that the EF of colloi-
dal Fe(OH)3 does not require any surfactant and that the 
fl otation effi ciency is independent of the surface charge 
of the colloid. It is further shown - using powdered acti-
vated carbon - that coagulation is the suffi cient condi-
tion for fl otation provided that there are a large number 
of small bubbles. A formula for fl otation effi ciency based 
on the coagulation theory is derived and it is shown 
that this model qualitatively describes all the observed 
aspects of fl otation.
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9.2. Electrofl otation for oil fi eld effl uent water treatment

EF [222] is a simple process that fl oats pollutants to 
the surface of a water body by tiny bubbles EL. There-
fore, the electrochemical reactions at the cathode and 
anode are hydrogen evolution and oxygen evolution 
reactions, respectively. The EF technique depends upon 
generation of hydrogen and oxygen gases during EL of 
water. Gas bubbles formed on electrode surface contact 
with oil drops; then the attached oil–gas combinations 
rise up to the surface where oil may be removed by any 
skimming method.

EF technique has three principal advantages:

- First, dispersed gas bubbles formed from EL are 
extremely fi ne and uniform (with average bubble 
diameter around 20 μm).

- Second, varying current density gives the possibility 
of varying any gas bubble concentrations in the fl ota-
tion medium, thereby increasing the probabilities of 
bubble-oil drop collision. Third, selection of appropri-
ate electrode surface and solution conditions permits 
one to obtain optimum results for a specifi ed separa-
tion process [223].

Bande et al. [222] studied the separation of fi nely 
dispersed oil from oil–water emulsion which was car-
ried out in an EF cell which has a set of perforated 
aluminium electrodes. The effects of operating param-
eters on the performance of batch cell were exam-
ined. The parameters investigated are pH, voltage, oil 
concentration, fl otation time, and salinity. The batch 
experiments have been conducted to optimise electri-
cal input in the effl uent. It was observed that at 5.0 V 
and 0.4 A current is optimum and for this condition 
the energy consumption was 0.67 kWh m−3. The opti-
mal treatment time was observed at 20 min. Also oil 
removal effi ciency is 90% at pH 4.72 in 30 min treat-
ment time for 50 mg l−1 concentration of oil and 94.44% 
of oil removed within 30 min at 4 mg l−1 of salinity. It 
has also been observed that decrease in salinity and 
increase in oil content of the effl uent enhances the effi -
ciency of the EF process.

10. Conclusion

1. The difference between EC and CC is mainly in the 
way of which aluminium/iron ions are delivered. In 
EC, coagulation and precipitation are not conducted 
by delivering chemicals – called coagulants – to the 
system, but via electrodes in the reactor.

2. EC is based on the fact that the stability of colloids, 
suspensions and emulsions is infl uenced by electric 
charges. Therefore, if additional electrical charges 
are supplied to the charged particles via appropriate 

electrodes, the surface charge of particles is neu-
tralised and several particles combine into larger and 
separable agglomerates.

3. Since EP depends upon DC electric fi eld, using anode 
(+) and cathode (–) as for EC for which the anode is 
sacrifi cial, it takes place in the EC device and contrib-
utes to its performance. Indeed, the fi rst responsible 
mechanism of EC performance is the migration to 
an oppositely charged electrode, i.e., EP, and aggre-
gation due to CN. Hence, EP contributes essentially 
to EC effi ciency as EF does with H2(g) bubbles libera-
tion from the cathode. The EF’s contribution may be 
increased when O2(g) is produced from the anode, at 
the same time with metal ion liberation.
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