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a b s t r a c t

In order to optimize the performance efficiency and reduce the process economy of coagulation-floc-
culation (CF) based water treatment operations, coagulant aids (CA) are used as an auxiliary to the
primary coagulant. Synthetic polyelectrolytes are widely used as CA but the use are synonymous with
negative human and environmental challenges. As an antidote to the challenges associated with the use
of synthetic polyelectrolytes, natural and eco-friendly materials have been studied as substitutes for the
synthetic polyelectrolytes. At present, a comprehensive review on the efforts that have been made in the
quest for substitutes for synthetic polyelectrolytes has been conducted. The justifications for the choice
of the materials, the operational performance efficiency, the operational shortcomings and the under-
lying reaction mechanism of the process were expounded. The prospects and the limitations of the
advances made in the quest for substitutes for the synthetic polyelectrolytes were also highlighted

& 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In coagulation-flocculation (CF) based water treatment opera-
tions, coagulant aids (CA) are used, mainly to enhance the perfor-
mance efficiency of the primary coagulant and to reduce the process
economy. The use of CA helps to build stronger floc that settles faster,
enhance floc formation in cold water system, reduce the dosage of
the optimum primary coagulant and reduce the volume of sludge
produced (Jessey and Sydney, 1971). Oladoja and Aliu (2008) posited
that, the choice of materials to be used as CA depends solely on the
physicochemical properties of the colloidal phase or the aqua matrix
on which CF operation is to be performed. Premised on the opera-
tional requirements for CA in CF process, activated silica, weighting
agents (e.g. bentonite clay, powdered limestone, and powdered sili-
ca) and polyelectrolytes or organic polymers (ionic and non-ionic
polymers) are the commonly used CA. Amongst the aforementioned
CA, the use of polyelectrolytes is usually preferred because of the
dual role it serves; as primary coagulant and CA. It also possesses the
features inherent in the other genre of CA.

In water treatment parlance, the term “polyelectrolytes” referred
to a category of macromolecules that are classified, as cationic, an-
ionic or nonionic. The classification is based on the electric charge
that is present on the hydrolysis products of the macromolecule.
Cationic polymers are frequently used as primary coagulants while
anionic and nonionic polymers are used as CA (Bolto and Gregory,
2007). The fundamental operational mechanism of the polyelec-
trolytes, either as the primary coagulant or CA, occurs via destabili-
zation of dissolved or particulate matters by bridging mechanism.
Bridging mechanism occurs when segments of the polymer chain
adsorb on more than one dissolved or particulate matters, thereby
linking them together to form an easily settleable macro flocs
(Fig. 1a) (Bolto and Gregory, 2007). Bolto (1995) and Yukselen and
Gregory (2004) opined that the flocs produced from the bridging
mechanism are stronger than those formed from particles destabi-
lization by simple metal salt coagulants. Therefore, aggregates
formed by polyelectrolytes are more resistant to breakage via hy-
drodynamic stress (Ray and Hogg, 1987). An overview of the role of
polyelectrolytes in CF operation showed that they enhance floc set-
tling rate, improve process economy, enhances the product water
quality, and produced sludge with improved quality characteristics
(Bolto, 1995; Yukselen and Gregory, 2004; Ray and Hogg, 1987).

2. Polyelectrolytes

In water industries, organic polymers have been utilized for at
least four decades (Kawamura, 1991). They are mostly water-soluble
linear polymers of very high molecular weights (MW) (Bolto, 1995).
The group of these organic polymers that are charged, when hy-
drolyzed, are referred to as “polyelectrolytes” and they possess many

characteristic features of their own. Relative to the metal based
coagulants, the use of organic polymers, as the primary coagulant or
CA in water treatment procedures, is preferred because it requires
lower optimum primary coagulant dose, smaller volume of sludge
generation, minimal increase in the ionic load of the treated water,
reduced level of residual aluminum in treated water, overall cost
savings of up to 25–30% (Rout et al., 1999; Nozaic et al., 2001).

An overview of the genus of polyelectrolytes, as enunciated by
Tripathy and Ranjan De (2006) and Bolto and Gregory (2007), is
presented below:

2.1. Cationic polyelectrolytes

Tripathy and Ranjan De (2006) posited that cationic polyelec-
trolytes derived their properties from the density and distribution
of positive charges along the skeletal framework and the chain
conformation and solubility depend on the degree of hydrolysis in
aqua medium. Oftentimes, these macromolecules possess qua-
ternary ammonium groups, with formal positive charge, irrespec-
tive of the pH value of the aqueous phase. They are usually referred
to as strong electrolyte polymers and examples include poly-
diallyldimethyl ammonium chloride, epichlorohydrin/dimethyla-
mine polymers, cationic polyacrylamides etc. (Bolto and Gregory,
2007). Aside the strong electrolyte polymers, weak electrolyte
polymers that acquire cationic properties in acidic pH range have
also been listed by Bolto and Gregory (2007). Tripathy and Ranjan
De (2006) have also delineated water-soluble polymers, containing
cationic charge, into three categories thus: ammonium (including
amines), sulfonium and phosphonium quaternaries.

Several biobased polymers, that characteristically contains ca-
tionic functional groups or whose skeletal framework are amenable
to modifications, to produce cationic polymers, have also been
highlighted by Bolto and Gregory (2007). The most prominent
biobased polymer in this category is chitosan, a partially deacety-
lated chitin (Fig. 1b). Chitosan is a weak base polymer of medium
molecular weight; whose charge density is pH dependent. Starch, a
natural polysaccharide that consists of large number of glucose
units, joined by glycosidic bonds, has been modified to produce an
array of cationic spinoffs. Grafting synthetic polymers onto natural
polymers (e.g. amylopectin, guar gum and glycogen) has produced
retinue of cationic polymers, that have been reported to exhibit
improved performance efficiency in water and wastewater treat-
ment operations. Kraft lignin has also been modified, appropriately
to produce lignin based cationic polymers (McKague, 1974).

2.2. Anionic polyelectrolytes

An overview of the chemistry of polyelectrolytes that are anionic in
nature showed that the values of the monomer units that contribute to
the charge and molecular weights are in the range of 1–100%. Several

Fig. 1. (a) Schematic representation of coagulation through the bridging mechanism (Bolto and Gregory, 2007). (b) Chemical structure of Chitosan (i.e. D-glucosamine).
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