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Foreword

Polysaccharides are collections of different carbohydrates that occur naturally. The
skeletal framework is characterized by the composition of either a type of repeat
unit of monosaccharide (i.e. homopolysaccharides or homoglycans; e.g. starch,
cellulose) or a combination of different repeat units (i.e. heteropolysaccharides or
heteroglycans; e.g. agar, alginate, carrageenan). Polysaccharides are among the
most abundant and prevalent renewable natural resource that is found in every part
of the globe. This fascinating and almost inexhaustible biopolymer possesses
remarkable chemical and physical attributes which broaden its application.

The industrial relevance of polysaccharides date back to thousands of years and
has currently gained interesting and valuable applications in the biomedical,
engineering, food and environmental fields. Polysaccharides can be obtained from
some sources which include seaweeds, plants, bacteria, fungi, insects, crustacean,
animals and even humans. As a result of the rich chemistries of polysaccharides, the
structural framework can be tuned, and tailor-made, through genetic and structural
engineering, to serve desired purposes.

An overview of the recent trends in environmental engineering showed that the
shift towards the development of green, sustainable and eco-friendly water and
wastewater treatment technologies had made the use of natural polymers more
preferable to synthetic polymers. This has been attributed to their inert, safe,
non-toxic, biocompatible, biodegradable, low cost, eco-friendly and abundant
nature. Consequent upon the inherent auspicious features of polysaccharides, as a
green bioresource, the use of polysaccharides in some tertiary unit processes in
water and wastewater treatment operations have been promoted, and studies in this
field have continued to burgeon. In the present treatise, an in-depth review on the
use of polysaccharides, as a green and sustainable resource, for water and
wastewater treatment is presented. Premised on the rich laboratory and field
experiences of the authors, whose research focus is on the development of sus-
tainable substitutes for conventional materials used for water and wastewater
treatment, a systematic review of this abundant resource (polysaccharides), as a
sustainable technological material of the present and the future, is presented herein.
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The current critical review hinges on the use of polysaccharides as operational
materials in two tertiary water treatment operations (i.e. coagulation/flocculation
and adsorption-based water treatment methods). The operational principles, mate-
rial requirements, mechanistic insights into the underlying mechanism(s) of oper-
ations and the possible structural modifications that have been performed on
polysaccharides to optimize and tailor their performances to suit specific applica-
tions were systematically and critically discussed. In addition to the provision of the
laboratory and field experiences of the authors, relevant literature reviews were also
conducted to juxtapose experiences from different divides.
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Chapter 1
Operational Principles and Material
Requirements for Coagulation/
Flocculation and Adsorption-based
Water Treatment Operations

1.1 Introduction

Water and wastewater treatment operations require different unit processes or oper-
ations. These unit processes (e.g. screening, chemical pre-treatment, coagulation/
flocculation, filtration, disinfection, adsorption using granular activated carbon,
aeration, reverse osmosis, electrodialysis, etc) are combined to form a single treat-
ment system. The treatment system may contain all of the unit processes or a com-
bination of any of them. Thus, one or more of these operations may be used to treat
water or wastewater. Based on the precise nature of the treatment and the extent of
treatment that can be guaranteed by a particular treatment procedure, water and
wastewater treatment procedures are broadly classified into primary, secondary and
tertiary methods of treatment. Primary treatment (e.g. screening, pre-sedimentation,
and chemical addition) provides a broad degree of treatment and the specificity is low.
Secondary treatment (e.g. coagulation-flocculation, filtration, disinfection) provides a
higher magnitude of treatment and is more specific than the primary treatment while
the tertiary treatment methods (e.g. adsorption, reverse osmosis, etc.) are often
applied when a higher degree of treatment is required, and it is often pollutant
specific.

On a broader view, adsorption is an enrichment of chemical species from a fluid
phase on the surface of a liquid or a solid [1]. In water and wastewater treatment
operations, adsorption has proven to be an efficient and reliable tertiary treatment
procedure for the removal of pollutants from aqueous system. Coagulation-
flocculation (CF) is a chemical clarification process that agglomerate colloidal and
suspended matters. It often serves as either a primary or secondary mode of
treatment while adsorption is strictly a tertiary treatment procedure.

© The Author(s) 2017
N.A. Oladoja et al., Polysaccharides as a Green and Sustainable Resource
for Water and Wastewater Treatment, Biobased Polymers,
DOI 10.1007/978-3-319-56599-6_1
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1.2 Operational Principles of Adsorption
and Coagulation/Flocculation

1.2.1 Adsorption Based Water Treatment Operations

Adsorption-based water treatment operation is the process through which a sub-
stance or a solute, initially present in the aqueous phase, is removed from that phase
by accumulation at the interface between the aqueous phase and a solid phase. The
ability of the solid phase to perform this function is hinged on the fact that such
solid surfaces are characterized by active, energy-rich sites which enable them to
interact with solutes in the aqueous phase because of their specific electronic and
spatial properties [1]. Typically, active sites have different energies (i.e. the surface
is energetically heterogeneous). In the course of the adsorption process, if the
process variables (e.g. concentration, temperature, pH, ionic strength) are altered,
the reverse of the adsorption process could be triggered and the adsorbed species
get released from the surface and transferred back into the aqueous phase. This
reverse process of adsorption is known as desorption. The solid phase that provides
the surface as the platform for adsorption is termed the adsorbent while species that
are adsorbed on the adsorbent are referred to as adsorbates. A brief description on
conventional adsorbents of industrial significance are presented below:

(i) Activated carbon: This is a char-like carbonaceous material with high surface
area. Powdered and granular activated carbons are the two types of activated
carbon which are used differently in adsorption procedures because of their
different characteristics.

(ii) Silica gel: This is a hard, granular, porous material that is made via pre-
cipitation of silica from sodium silicate solution in acid.

(iii) Activated alumina: This is produced through the activation of aluminium
oxide at high temperature and is used primarily for moisture adsorption.

(iv) Aluminosilicates (also known as molecular sieves): They are porous syn-
thetic zeolites or materials that are used mainly in separation processes.

Adsorption is a century old drinking water treatment procedure that uses acti-
vated carbon as the adsorbent. Primarily, the process is aimed at the removal of
taste and odour imparting compounds from the aqua stream. Recently, the con-
ventional adsorbent (i.e. activated carbon) has proven to be efficient in the removal
of an array of organic micropollutants (e.g. phenols, chlorinated hydrocarbons,
pesticides, pharmaceuticals, personal care products, corrosion inhibitors, etc.) from
aqueous matrices [1]. Adsorption is a tertiary wastewater treatment procedure for
polishing partially treated water or wastewater before being stored or distributed for
consumption in the case drinking water, and for final discharge in the case of
wastewater. Soluble organic substances that are recalcitrant to biodegradation by
the conventional biological treatment or which are not easily precipitated by the
chemical clarification process are often removed by adsorption onto activated
carbon. In conventional adsorption-based water treatment operation, activated
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carbon is applied either as powdered activated carbon (PAC) in slurry reactors or as
granular activated carbon (GAC) in fixed-bed reactors. The particle size of PAC is
smaller than 74 µm (the typical range is 10–50 µm), and the material is commonly
used by direct addition. For GAC, the particle size is larger than 100 µm (the
typical range is 0.4–2.5 µm), and the material is commonly used in fixed bed
reactors. Consequent upon the fact that adsorption is a surface phenomenon, the
adsorption capacity of activated carbon often correlates with a very high surface
area per unit volume.

Based on the nature of interaction that occurs between adsorbents and adsor-
bates, adsorption is broadly classified as physical adsorption (physisorption) or
chemical adsorption (chemisorption). Physical adsorption occurs when the solute is
held onto the adsorbent by van der Waals attractive force, while chemisorption
occurs when the solute is held onto the adsorbent via specific chemical bonds. The
specific chemical bond that occurs in chemisorption can be covalent or ionic in
nature. The occurrence of the two types of adsorption (i.e. physisorption and
chemisorption) is sometimes experienced simultaneously. Both types of adsorption
have different features that differentiate them, and these features are often sought
out for to pinpoint the actual type of adsorption that took place in an adsorption
operation.

The relationship between the equilibrium concentration of a solute in the
aqueous phase and the solid adsorbent phase, at any constant temperature, is called
an adsorption isotherm. The equilibrium adsorption isotherm is fundamentally
important in the design of an adsorption-based water treatment system. The results
obtained from the equilibrium isotherm analysis suggests the adsorption capacity of
the adsorbent while the different adsorption isotherm equation are characterized by
certain constants whose values express the surface properties and affinity of the
adsorbent in use. The equilibrium adsorption isotherm is conventionally expressed
in the form of two generally known mathematical equations derived by Langmuir
(Langmuir equilibrium isotherm equation) and Freundlich (Freundlich equilibrium
isotherm equation). These equations are conventionally used to analyse the data
obtained from a typical adsorption operation. However, recently, other equilibrium
isotherm equations have been developed using these two conventional equations as
foundations. The results obtained from the equilibrium isotherm analysis provide an
inkling into the underlying mode of the adsorption process.

In the design of adsorption-based water treatment system, the kinetic analysis of
the adsorption process is usually analysed to gain valuable insights into the reaction
pathways and mechanisms of adsorption. The kinetic analysis helps to define how
adsorption rates depend on the concentrations of solute in a solution and how rates
are affected by adsorption capacity or by the character of the adsorbent [2]. Thus,
the prediction of the rate at which the solute is removed from aqueous solutions
established the residence time required for the completion of the process of
adsorption. The different kinetic models that have described the reaction order of
adsorption systems can be classified into two viz:
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(i) Adsorption rate equation based on the adsorbent’s capacity for a
solid-liquid system.

(ii) The one whose adsorption rate is based on solution concentration.

The kinetic equation whose adsorption rate is based on solution concentration
has been identified [3] to include first order [4] and second-order [5] reversible
ones, and first-order [6] and second-order [7] irreversible ones, pseudo-first-order
[8] and pseudo-second-order ones [1]. The kinetic equations whose reaction orders
are based on the capacity of the adsorbent have been identified [3] to include
Lagergren’s first-order equation [9], Zeldowitsch’s model [10], and Ho’s
second-order expression [11–14].

1.2.2 Coagulation/Flocculation Treatment Operations

Coagulation/flocculation (CF) is a chemical clarification procedure that involves the
use of chemicals to remove, by precipitation, impurities from water matrix.
Specifically, CF work to destabilize particles and agglomerate dissolved particulate
matter. Coagulation results from the addition of a coagulant to the aqueous phase to
be treated. Commonly used coagulants are Alum (aluminium sulphate), Sodium
Aluminate, Ferric sulphate, Ferrous sulphate, Ferric chloride, and organic polymers.
CF operations remove inorganic and organic substances, taste and odour impacting
substances, phosphates and biological species. CF produces water that is aestheti-
cally acceptable, properly disinfected and amenable to filtration through sand filters.

Before the advent of synthetic organic polymer coagulants, the metal-based
coagulants (e.g. alum, iron (II) and iron (III) salts, slaked lime, quick lime or the
mixtures of the chemicals) were the classical and conventional coagulants used in
water treatment. An overview of the underlying operational mechanisms of the
metal-based coagulants showed that in the aqua matrix, the hydrolysis of the metal
salt occurs rapidly to form various cationic species, which are adsorbed by nega-
tively charged particles and caused charge neutralization. At low coagulant dosage,
the operational mechanism of the CF process has been ascribed to the charge
neutralization mechanism. At sufficiently high coagulant dosage, a process occurs
which is designated as “sweep flocculation” and has been attributed to be the
underlying mode of the CF process. Sweep coagulation occurs through the pre-
cipitation of metal hydroxide. During the formation of the metal hydroxides, the
turbidity causing agent (i.e. colloidal particles arising from clay and silt, microor-
ganisms and vegetable material) are trapped in these precipitates.

Another class of coagulants is the polymer-based coagulants whose operational
mechanism defers from that of metal-based coagulants. The CF mechanism for this
class of coagulants occur via destabilization by bridging, when segments of a
polymer chain get adsorbed on more than one particle, thereby linking the particles
together. It has been reported that the flocs produced via bridging flocculation are
stronger than those formed when particles are destabilized by simple salts [15, 16].
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Thus, aggregates formed by polymeric flocculants are significantly more resistant to
breakage [17]. An overview of the role of polyelectrolytes in CF operation showed
that they enhance floc settling rate, improve process economy, enhances the quality
of the water and produce sludge with improved quality characteristics [15–17].

1.3 Material Requirements for Adsorption
and Coagulation/Flocculation

1.3.1 Adsorption Based Treatment Operation

Consequent upon the fact that adsorption is a surface phenomenon, the fundamental
consideration in the choice of material to serve as an adsorbent is the surface
chemistry of the adsorbent. The surface chemistry of an adsorbent is an important
factor that determines the possible mode of interaction between the adsorbent and the
adsorbate to be removed from the water matrix. Adsorbents take a broad range of
chemical forms and different geometrical surface structures, and this is reflected in
the range of their applications in industries and laboratory practices [18]. Irrespective
of the source of an adsorbent (i.e. either natural or synthetic), adsorbents can be
broadly classified, by their chemical composition, as organic or inorganic based
materials and these two classes of adsorbents cut across the different sources.
Conventionally, activated carbon is the adsorbent of choice in the removal of dis-
solved organics and inorganics (as pollutants) in water treatment operations, but the
inherent shortcomings have engendered the search for suitable substitutes for this
conventional adsorbent. The materials that have been studied as substitutes for this
conventional adsorbent include clay minerals, carbonaceous adsorbents, polymeric
adsorbents, natural and synthetic zeolites, biopolymers, metal oxides, wastes and
by-products. Several selected polysaccharide-based adsorbents that has been
investigated as substitutes to the conventional adsorbents discussed in Chap. 4.

A comparative analysis of the performance and operational efficiency of
adsorbents derived from different sources showed that synthetic adsorbents (also
known as engineered adsorbents) exhibit better adsorption capacities and
are consistent in their operational efficiency and stability. They are produced under
strict quality control and show nearly constant properties. Often, their adsorption
profile towards a broad variety of adsorbates is predictable, and recommendations
for their applications can be derived from scientific studies and producers infor-
mation [19]. Albeit, engineered adsorbents could be sometimes expensive.
Comparatively, the adsorption capacities of natural (i.e. biogenic or geogenic)
adsorbents are much lower, and the properties are subject to stronger variations
[19]. They might be interesting to consider due to their low cost and ubiquity, but in
most cases, studies on these materials are limited to very specific applications and
not enough information are available for a generalized experience and a final
assessment [19].
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The historical perspective of the evolutional trends of adsorption science and
technology linked the development of the adsorption technique to the various types
of adsorbents that have been tested and used [18] thus: before World War I the
focus was on carbon adsorbents; during the period between World War I and World
War II the focus was on active carbons; silica acid gels and aluminium oxides, but
after World War II revolutionary progress was made owing to discovery and
application of synthetic zeolites [20, 21].

Consequent upon the need to guarantee the safety of the final product in drinking
water treatment industries, the adsorbent used must be of very high-quality stan-
dards and must be certified by the relevant standard organization. On this note, the
number of possible adsorbents is limited and comprises basically of commercial
activated carbons and oxidic adsorbents.

1.3.2 Coagulation/Flocculation Operations

Metal salts and synthetic organic polymers are the primary coagulants that have
been used in CF operations. Taken all forms of coagulants into consideration, the
underlying mechanism of CF that has been identified and proven by researchers are

(i) Double-layer compression
(ii) Adsorption and bridging
(iii) Charge neutralization
(iv) Sweep coagulation.

Considering the structural framework and chemical features of the different
coagulants, double-layer compression, charge neutralization and sweep coagulation
mechanisms are synonymous with inorganic coagulants while charge neutralization
and adsorption and bridging mechanisms are synonymous with polymeric
coagulants.

For a material to function as a coagulant, it must possess features that would
enable it to operate using any of the identified coagulation mechanisms. Some of
these features are:

(i) High charge density—This is required to function in double layer com-
pression or charge neutralization mode of coagulation mechanism.

(ii) Macromolecular skeletal framework—This is needed for the adsorption
and bridging mechanism to take effect.

(iii) Formation of insoluble species—This is required for sweep coagulation
process to take effect.

The materials that have been used as coagulant include metal salts (e.g. Alum
(aluminium sulphate), sodium aluminate, ferric sulphate, ferrous sulphate, ferric
chloride) and polymeric substances (i.e. polyelectrolytes). In water industries,
organic polymers have been utilized for at least four decades [22]. They are mostly
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water-soluble linear polymers of very high molecular weights (MW) [15]. The
group of these organic polymers that are charged, when hydrolyzed, are referred to
as “polyelectrolytes”, and they possess many characteristic features of their own.
The list of selected substitutes to the conventional coagulant that has been studied
are presented in Chap. 2.

1.4 Polysaccharides—A Brief Overview

Polysaccharides are polymeric carbohydrate molecules composed of long chains of
monosaccharide units bound together by glycosidic linkages and on hydrolysis give
the constituent monosaccharides or oligosaccharides. They range in skeletal
structure from linear to highly branched. Examples include storage polysaccharides
such as starch and glycogen and structural polysaccharides such as cellulose and
chitin.

Starch is one of the most abundant polysaccharides, and it is present in plants as
energy storage material. It is made up of mixtures of two polyglucans, amylopectin
and amylose, but they contain only a single type of carbohydrate, glucose. Chitin is
a naturally abundant mucopolysaccharide extracted from crustacean shells, which
are wastes products of seafood processing industries. Chitin is the second most
abundant polysaccharide in nature, after cellulose, but it is the most abundant amino
polysaccharide.

Some of the features that make polysaccharides to be unique as raw materials are

(i) Abundance as natural polymers (i.e. biopolymers)
(ii) They are cheap materials (low-copolymers)
(iii) The pervasiveness
(iv) It is a renewable resource
(v) It is a stable and hydrophilic material
(vi) It is a modifiable material that can be tailored to specific applications.

They also possess some favourable biochemical properties such as non-toxicity,
biocompatibility, biodegradability, polyfunctionality, high chemical reactivity,
chirality, chelation and adsorption capacities.

1.5 Justification and the Theoretical Basis for the Use
of Polysaccharides

1.5.1 Adsorption-based Water Treatment Operations

Activated carbon has been the conventional adsorbent in the adsorption based water
treatment systems, but the use is synonymous with high cost and tedious procedure
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for its preparation and regeneration. Researchers are challenged to develop other
adsorbents, whose operational requirements and the economy of the process of
production are simple and affordable based on the stringent operational demands
and the economy of the process of production of activated carbon. The choice of an
adsorbent for the removal of a particular adsorbate hinges on the relationship
between the surficial chemistry of the adsorbent and the hydrochemistry of the
adsorbate. Polysaccharide-based adsorbents are considered as veritable options to
the conventional adsorbents because of the possession of favourable surface
chemistry and structural features. It has been reported that polysaccharide-based
materials contain an abundance of surface polar functional groups such as alde-
hydes, ketones, acids and phenolics [23, 24] required to promote chemical inter-
actions between it and the adsorbate in the aqueous phase.

In a critical review of the recent developments in polysaccharide-based materials
used as adsorbents in wastewater treatment [25], the excellent adsorption behaviour
of polysaccharides is mainly attributed to the following features:

(i) The high hydrophilicity of the polymer due to hydroxyl groups of glucose
units on the surface. This promotes sufficient interactions between the
adsorbent and the solute in the aqueous matrix

(ii) The presence of a large number of functional groups (acetamido, primary
amino and hydroxyl groups on the surface. This broadens the possible mode
of interactions between the adsorbent and the adsorbate in the aqueous
system

(iii) The high chemical reactivities of the surface functional groups which pro-
motes the derivatization of the surface to produce a suitable engineered
adsorbent

(iv) The flexible structure of the polymer chain. This enhances the available
surface area for interaction between the adsorbate and the adsorbent.

1.5.2 Coagulation/Flocculation Treatment Operations

Despite the conventional status of metal salts and synthetic organic polymers, a
retinue of shortcomings have been attributed to their continuous usage. Some of the
shortcomings include

(i) The high costs of purchase that make them unaffordable in most of the
developing and underdeveloped world

(ii) The toxicity of the primary coagulant, the residual coagulant in the treated
water and the coagulant by-products to humans

(iii) The production of large sludge volumes, which makes sludge handling and
management a big challenge
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(iv) The great influence on the pH of the product water which makes the addition
of ancillary chemical(s) for pH correction a necessity

(v) The negative ecotoxicological impacts of the sludge that make the discharge
and management of the sludge difficult and problematic.

Specifically, aluminum sulfate (alum), a common coagulant globally used in
water and wastewater treatment, has been reported to produce large sludge volumes
[26], reacts with natural alkalinity present in the water, leading to pH reduction [27,
28], and demonstrates low coagulation efficiency in cold waters [29], which makes
it difficult to use in temperate regions. Furthermore, the use of alum has raised other
concerns which include ecotoxicological impacts when introduced into the envi-
ronment as post-treatment sludge; impacts on human health as a result of con-
sumption of treated water; and the cost of importing these chemicals for developing
communities [27]. Also, the determination of the optimum dosage for alum
coagulation requires technical and scientific skills and training on the part of the
operator [30]. The use of synthetic organic polyelectrolytes has also been reported
to pose some environmental problems because some of the derivatives are
non-biodegradable and the intermediate products of their degradation are hazardous
to human health as their monomers are neurotoxic and carcinogenic [31].

Premised on the challenges associated with the conventional coagulants in water
and wastewater treatment operations, the use of low cost, eco-friendly, sustainable
and ubiquitous polysaccharide coagulants, as a replacement to the conventional
synthetic coagulants, is now being opted for. It has been reported that to design a
safe point-of-use (POU) treatment system, polysaccharide-based coagulants are
considered promising alternatives because of their inherent advantages [32]. The
inherent advantages include high biodegradability, non-toxicity, and non-corrosive
nature, production of less voluminous sludge and does not alter the pH of the
product water. It is also thought that since the precursors from which the
polysaccharide-based coagulants can be derived locally, the natural plant-based
coagulants are more cost-effective than the imported conventional coagulants [33].

1.6 Conclusion

In adsorption-based water treatment operations, the choice of the required opera-
tional material is based on the surface chemistry of the adsorbent, while in
coagulation/flocculation operations the choice of the operational materials is based
on the possession of features that enable it to operate using any of the identified
coagulation mechanisms. These features include high charge density, macro-
molecular skeletal framework and the ability to form insoluble species. The ability
of polysaccharides to act as substitutes for the conventional operational materials
required for these two unit processes i.e. adsorption and coagulation/flocculation,
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is based on the unique inherent features that include: abundance; low cost;
pervasiveness; renewable resource; stability and hydrophilicity; and its ability to be
easily engineered or modified.
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Chapter 2
Mechanistic Insight into the Coagulation
Efficiency of Polysaccharide-based
Coagulants

2.1 Polysaccharides-A Brief Overview

Polysaccharides possess the highest industrial capacity for adsorbents that can be
useful as eco-friendly materials for water treatment, due to their prevalence [1–3].
Polysaccharides are stereoregular (natural) polymers of monosaccharides (sugars)
also referred to as biopolymers. They are unique raw materials because they are
inexpensive and widely available in many countries in the world. They possess
biological and chemical properties such as non-toxicity, biocompatibility,
biodegradability, poly-functionality, high chemical reactivity, chirality, chelation
and adsorption capacities. The excellent adsorption behaviour of polysaccharides is
due to certain properties. These properties include (1) high hydrophilicity due to
hydroxyl groups of glucose units; (2) presence of a vast number of functional
groups (acetamido, primary amino, and/or hydroxyl groups); (3) high chemical
reactivity of these groups; (4) flexible structure of the polymer chain [4]. The
development of new products based on polysaccharides is a promising way to
overcome the disadvantages of synthetic polymers and a better way of, rationally,
using renewable bio-resources. Under environmental conditions, the majority of
biopolymers have rather low activity [5], and the primary task in this area is
therefore to create a science-based methodology for the synthesis of functional
materials from polysaccharide having significant properties that can enhance their
utilization on a practical scale. This is expected to open the possibility of a deeper
understanding of the nature of intermolecular interactions in aqueous solutions of
biopolymers. The optimal choice for a particular technology for engineering of
polysaccharides can either be by chemical modification of using polymeric reagents
[6] or by preparing composites [7]. A preview in literature [8–11] showed that
research in the field of polysaccharide composite materials for water remediation
has made some remarkable progress.

Considering biocompatibility, a polysaccharide with anticoagulant properties
can increase its biocompatibility [12, 13]. Also, polysaccharides coated with

© The Author(s) 2017
N.A. Oladoja et al., Polysaccharides as a Green and Sustainable Resource
for Water and Wastewater Treatment, Biobased Polymers,
DOI 10.1007/978-3-319-56599-6_2

13



magnetite nanoparticles can be used for magnetic resonance imaging of liver
tumours [14]. This is because they are hydrophilic, and when administered in
approved conditions, are non-toxic.

Polysaccharides have specific functional chemical groups in their structure
which make it easy to engineer them through the addition of reactive and bioactive
groups to produce composites. For example, hydrogels of j-carrageenan were
chemically modified by carboxymethylation of the polymer chains and further
coupled to an antibody for nano delivery applications [13].

In recent times, in adsorption design, numerous approaches have been geared
towards the development of adsorbents containing natural polymers. Among these
are polysaccharides such as chitin [15–17]; starch [18, 19] and their derivatives
[20–24]. Their use in adsorption process has increased because of their unique
structure, physicochemical characteristics, chemical stability, high reactivity and
excellent selectivity towards aromatic compounds and metals, resulting from the
presence of chemical reactive groups (hydroxyl, acetamido or amino functions) in
polymer chains [25, 26]. Besides, the increasing number of publications on
adsorption of toxic compounds by these natural polymers indicate that there is a
recent interest in the synthesis of new adsorbent materials from polysaccharides.

Before the advent of chemical coagulants, the use of coagulants of natural origin
has been acknowledged in indigenous water purification [27]. Antediluvian civi-
lizations in Asia and Africa have used plant extracts and derivatives as a primary
coagulant for water purification [28]. This has also been proven in the Sanskrit
writings in India, dating back to 400 AD [27], and the Old Testament and Roman
records, dating back to 77 AD [29]. With the invasion of synthetic chemical
coagulants, traditional water clarification methods using natural coagulants were
jettisoned, except in rural and developing countries, where access to the synthetic
chemical coagulants are substantially limited [30]. Despite the wide acceptability
and the conventional status of the synthetic chemical coagulants, the downsides
manifested in the 1960s, when the negative impact on human and biota was profiled
[31]. The other limitations with the use of the synthetic chemical coagulants include
the relatively high costs of purchase, toxicity, large sludge volumes generation and
considerable alteration of the pH of the treated water [32]. Furthermore, synthetic
chemical coagulants that are based on organic polymers or polyelectrolytes have
been reported to pose some environmental challenges, as some of the derivatives
and byproducts are non-biodegradable and the intermediate products of their
degradation are hazardous to human health, as their monomer is neurotoxic and
carcinogenic [33].

2.2 Polysaccharide-based Coagulants

On the strength of the coagulating abilities exhibited by some materials of biogenic
ancestries as coagulants in water treatment operations, multiplicities of green bio-
based materials are continually being evaluated for their coagulating properties.
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These biogenic coagulants have shown several advantages over the conventional
synthetic chemical coagulants. For example, the sludge volume produced from the
use of the green coagulants are much lower than that generated by the use of metal
salts and the natural alkalinity of the water is not consumed during the coagulation
process. Consequently, the natural coagulants have exhibited potentials that con-
ferred on them the status of workable substitutes to synthetic chemical coagulants.
The green biobased coagulants are biodegradable, safe to human health and have a
wider effective dosage range for coagulation-flocculation (CF) of various colloidal
suspensions. Since they can be locally grown, harvested and processed, they are
usually cost effective, about the imported synthetic chemical coagulants.

An overview of the polysaccharide based coagulants (PBC) that have been
investigated thus far showed that they ranged from the more widely known seeds of
different plant species to bone shell extracts, bark resins and exoskeleton of shellfish
extracts. A review of the research summary of twenty-one (21) types of plant-based
coagulants, categorized as fruit waste and others, have been provided by Choy et al.
[30]. The coagulating efficiencies of these natural materials, the barriers and pro-
spects of commercialization were highlighted. A review of fourteen (14) plant-based
natural coagulants, categorized as common vegetables and legumes has also been
provided by [34]. The shortcomings of the prevailing research efforts in the use of
natural coagulants were discussed to provide a platform toward the necessity for
further research. To ensure comprehensive anecdote of green biobased coagulants,
progress in natural polymeric coagulants, for water and wastewater purifications
have also been documented by [35]. Viewpoints on the promise, limitations, and the
findings on the use of these biobased coagulants were also documented.

The background information on selected polysaccharides that have been
investigated as primary coagulants in water and wastewater treatment are presented
in Table 2.1.

Consequent upon the glowing attributes of the PBC, it is pertinent that the
underlying mechanisms of the coagulation efficiencies of these low cost,
eco-friendly and pervasive coagulants should be understood to enable the users to
exploit the process for optimal performance. To obtain relevant information for
optimum and practical conditions for CF process, using PBC, there is the need to
identify the active coagulating species, which ultimately determines the underlying
coagulation mechanism of the process.

2.3 Overview of Active Coagulating Species
in Polysaccharide-based Coagulants

Polysaccharides are polymers whose skeletal framework consist of monosaccharides
and their derivatives. The skeletal framework could be either linear or branched, and
they can contain only one type of monosaccharide (homopolysaccharides), or more
(heteropolysaccharides). In CF operations, the macromolecular nature of the skeletal
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Table 2.1 Background information on selected polysaccharides that have been investigated as
primary coagulants

S/N Scientific
names

Common
names

Family name Country of
origin

References

1 Coccinia
indica

Ivy Gourd,
Scarlet Gourd,
Small Gourd,
Kowai Fruit,
Scarlet-Fruited
Gourd

Cucurbitaceae Central Africa,
India and Asia

[36, 37]

2 Hibiscus
esculentus

Okra, Lady’s
Finger, Gumbo,
Gobo

Malvaceae Old World
tropics (West
Africa)

[38]

3 Luffa
cylindrica

Smooth Luffa,
Egyptian Luffa,
Vegetable
Sponge,
Sponge Guard

Cucurbitaceae Old World
tropics;
probably Asia

[36, 38]

4 Arachis
hypogaea

Peanut,
Groundnut,
Monkey Nut,
Pinder, Goober

Fabaceae South America [36, 39,
40]

5 Cicer
arietinum

Dal Seeds,
Chick Pea,
Bengal Gram,
Garbanzo Bean

Fabaceae Mediterranean
region

[36, 41]

6 Dolichos
biflorus

Horsegram,
Kulthi

Fabaceae Old World
tropics

[42]

7 Glycine max Soybean, Soya
Bean

Fabaceae Eastern Asia [43]

8 Guar gum Guar Bean,
Cluster Bean,
Guaran

Fabaceae India [44]

9 Lablab
purpureus

Hyacinth Bean,
Bonavist Bean,
Chink, Country
Bean, Dolichos
Bean

Fabaceae Old World
tropics

[45]

10 Phaseolus
angularis

Azuki Bean,
Adsuki Bean,
Red Bean

Fabaceae Unknown
Exact origin

[46]

11 Phaseolus
mungo

Urad Bean,
Black Gram,
Black Lentil,
Black Matpe,
Urd Bean

Fabaceae India [36]

(continued)
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framework is considered advantageous because it provides a significant number of
active sites for particle adsorption and charge neutralization.

Generally, in the use of PBC, the ensuing elevation of the organic load of the
treated water, which may result in the undesired and increased microbial activities,
has been identified as a snag. To obviate this challenge, the coagulating active
ingredients in the PBC are isolated from the total extract and the isolated coagu-
lating fraction is used as such. In most cases, despite the successful isolations of the
coagulating active ingredients, the proper identification of this active component
has either been based on conjectural efforts shrouded in controversy [35]. Often, the
identification of the coagulating active component of a particular PBC is based on
reports from other researchers whose study material was entirely different from the
PBC under investigation. Consequently, controversy often rages on the identity of
the active coagulating species of most PBCs.

The active coagulating ingredients in PBC are polymeric in nature, but the
molecular compositions and the skeletal framework of these polymers may vary
from one PBC to another. Thus, the difference in molecular structures and frame-
work is expected to influence the coagulation efficiency and the underlying
mechanisms of coagulation of the PBC. An overview of the active coagulating
species of the group of different PBC that have been investigated as a substitute to
the conventional primary coagulants in CF operations is presented below, using the
facts presented in various scientific reports as a guide.

Table 2.1 (continued)

S/N Scientific
names

Common
names

Family name Country of
origin

References

12 Pisum
sativum

Green Pea, Pea,
Field Pea,
Garden Pea,
Stringless
Snowpea

Fabaceae Southwestern
Asia

[36]

13 Vigna
unguiculata

Cow Pea, Black
Eyed-Pea,
Southern Pea,
Cowgram

Fabaceae Southern
Africa

[36]

14 Phaseolus
vulgaris

Common Bean Fabaceae Central or
South America

[40]

15 Cereus
repandus

Cadushi, Giant
Club Cactus,
Hedge Cactus,
Peruvian Apple
Cactus

Cactaceae South America [47]

16 Stenocereus
griseus

Pitaya agria,
Sour Pitaya

Cactaceae America [48]

17 Opuntia
ficus indica

Prickly pears,
Tuna, Nopal

Cactaceae Americas [49–51]

18 Oryza sativa Rice Poaceae China [53]
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2.3.1 Chitosan

Among the array of investigated PBC for CF in the water industry, chitosan, is one
of the most studied and has shown much promise. Chitosan is a linear copolymer
of D-glucosamine and N-acetyl-D-glucosamine, produced by the deacetylation of
chitin, a natural polymer of primary importance (Fig. 2.1).

Chitosan possesses both coagulating and flocculating properties (i.e., high
cationic charge density, long polymer chains, bridging of aggregates and precipi-
tation) in neutral or alkaline pH. Its uses are justified by its non-toxicity,
biodegradability [27], and unusual chelation behaviour [54]. Thus, its unique
physicochemical properties render it very efficient with regards to its interactions
with various contaminants; including both particulate and dissolved substances.

The observed physicochemical features of chitosan have been ascribed to the
intrinsic properties of amine functional groups (i.e. acid–base properties, solubility,
cationic), which makes it to be very efficient for binding metal cations in near
neutral solutions [55] and for interacting with anionic solutes in acidic solutions
[55]. A peep into the acid–base properties of chitosan showed that the pKa values of
the amine groups strongly depends on the deacetylation degree of chitosan and the
dissociation degree of the polyelectrolyte [56]. The pKa of amine groups are close
to 6.3–6.4, for entirely dissociated chitosan (with deacetylation degree close to
90%). This means that at pH 5, or below, more than 90% of amine groups get
protonated.Hence, at pH below 5, most of the amine groups are protonated, and
they can attract anionic species, but above the pH 5, the reverse is the case [57].

The coagulation efficiency of chitosan, in CF operations, was ascribed to the
same characteristics highlighted above for adsorption reactions (i.e. cationic charge
and ability to specifically bind to certain solid phases). It can effectively destabilize
and coagulate natural particulate and colloidal materials, which are negatively
charged, to promote the growth of large, rapid-settling floc than can then flocculate.
This is because it is a long-chain polymer with positive charges (due to the high
content of amine group).

2.3.2 Seed Gums

Gums are pathological products formed following an injury to plants or the effects
of unfavourable conditions, such as drought, by the breakdown of cell walls.

Fig. 2.1 Molecular units of Chitin (a) and Chitosan (b)
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Different seed gums have been used as eco-friendly and sustainable green PBC. It
has been reported [58] that the polysaccharide composition of mature endosperm
cell walls contained three mannan groups: pure mannans; glucomannans and
galactomannans. An overview of the constituents of the different seed gum coag-
ulants showed that the active coagulating component is a water-soluble, macro-
molecular, hydrocolloids, galactomannans, having galactose and mannose in 1:2
molar ratio (Fig. 2.2a). Galactomannans are related to mannans but contain more

Fig. 2.2 a Representation of the chemical structures of different Galactomannans. b Chemical
structure of Uronic acid (Glucuronic acid)
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(1,6)-b-D-galactosylside chains. These seed gums are reported [59] to consist of a
linear chain of b(1!4) linked mannopyranosyl units with D-galactose side chains,
attached through a(1!6) linkage to the main chain. However, they differ in their
fine structure, like molecular weight and degree of polymerization.

Galactomannans with a high degree of side chains are soft and highly hydro-
philic. They have been reported to be present in the endospermic leguminous seeds,
such as fenugreek (Trigonella foenum-graecum), guar (Cyamopsis tetragonoba) and
locust bean (Ceratoniasiliqua), in the endosperm of tomato (Solanum lycopersicum)
and coffee seeds (Coffeaarabica), and other groups such as Convolvulaceae,
Asteraceae and Arecaceae [58]. The presence of galactomannans has also been
reported in many subfamily species including Cassia, Senna, Leucaena, Mimosa,
Prosopis, Bowdichia, Crotalaria, and Indigofera [60]. Besides, the presence of
galactomannans has been reported in cotyledons and hull of Lapinus albus [61].

The presence of an active coagulating component of the seed gum of Sterculia
lychnophora (i.e. Malva nut seed or Taiwan sweetgum tree), whose properties are
similar to uronic acids has also been reported [62]. Uronic acids (Fig. 2.2b) are a
class of sugar acids with both carbonyl and carboxylic acid functional groups. They
are sugars in which the terminal carbon’s hydroxyl group has been oxidized to a
carboxylic acid. It was posited that the high molecular weight and the presence of
uronic acid by this seed gum are the requirements for the bridging and adsorption
mechanism in CF operations. It was noted that the molecular weight and the
intrinsic viscosity of the S. lychnophora seed gum were much higher than that of
many polysaccharide gums (i.e., guar gum, locust bean gum, and pectin) that are
currently available in the market [62].

2.3.3 Fruit Wastes

An overview of different research reports showed that extracts of an array of fruit
wastes had been studied as coagulants in the treatment of turbid synthetic water,
raw surface water and wastewater [30]. These fruit wastes include the seeds of
Carica papaya, Feronia limonia, Mangifera indica, Persea americana, seeds and
pollen sheath of Phoenix dactylifera, Prunus armeniaca, Tamarindus indica, the
peels of Citrus Sinensis and the foliage of Hylocereus undatus.

The coagulating actions of these fruit wastes were ascribed mainly to the
presence of proteins and polysaccharides, which are among the natural polymers
present in fruit waste. The nomenclature of the particular polysaccharide that is
responsible for the coagulating properties of the fruit waste is often not identified or
pinpointed. The usually large molecular weights and longer polymeric chain of
polysaccharides are typically regarded as the impetus for coagulation efficiency
since the number of active sites that are available for particle adsorption, and
subsequent flocculation abounds in such skeletal frameworks.
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2.3.4 Mucilage

Mucilages are normal products of metabolism, formed within the cell (intracellular
formation) and they are produced without injury to the plant. It is a thick, gluey
substance produced by nearly all plants and some microorganisms. It is a polar
glycoprotein and an exopolysaccharide. Mucilage in plant plays a role in the storage
of water and food, seed germination, and thickening of membranes. Cacti and flax
seeds are rich sources of mucilage. The mucilages of Opuntia ficus-indica cactus,
Hibiscusesculentus (okra), Plantago species, Malva sylvestris (mallow) have been
tested, as primary coagulants in CF operations. These plants are characterized by
the production of a hydrocolloid (i.e. mucilage) which forms molecular networks
that can retain significant amounts of water [63]. According to [64], the hydro-
colloids are complex polymeric substances of carbohydrate nature, with a highly
branched structure. It contains varying proportions of L-arabinose, D-galactose, L-
rhamnose, and D-xylose, as well as the galacturonic acid in different proportions.

In O. ficus-indica, the mucilage structure is proposed as two distinctive
water-soluble fractions. One inspection with gelling properties with Ca2+ and the
other is mucilage, without gelling properties [65]. Majdoub et al. [66] reported that
in O. ficus-indica, the water-soluble polysaccharide fraction with thickening
properties represents less than 10% of the water-soluble material. By a working
hypothesis that coagulation occurs through a polymer bridge, the polysaccharide,
presenting Opuntia spp., are considered as the active coagulating ingredients.

In order to identify the active coagulating ingredient, in the mucilage of opuntia
spp., individual mucilage components(D, L-arabinose, >99%; D-(+)-galactose,
>99%; L-rhamnose, >99%; and D-(+)-galacturonic acid, >97%), were tested inde-
pendently and in combination [67]. It was observed that the galacturonic acid
component of the mucilage might be responsible for some of the turbidity reduction
by Opuntia spp. Galacturonic acid, added independently, was able to reduce tur-
bidity by more than 50%. Regardless, arabinose, galactose, and rhamnose displayed
no coagulation activity, however, when added in combination with galacturonic
acid, they reduced turbidity between 30 and 50%. The individual mucilage com-
ponents, in isolation and combination, could only account for 50% of the turbidity
removal observed when the full cactus pad was introduced to the turbid water
solution. Consequently, it was concluded that there are additional components of
the Opuntia spp., beyond those found in the mucilage, contributing to the observed
coagulation activity. Further studies were recommended to determine the other
components of the Opuntia spp. plant contributing to coagulation.

2.3.5 Plant Seed Extracts

The coagulation efficiency of natural coagulants, derived from the seeds of Nirmali
and maize [68] mesquite bean and Cactus latifaria [47], Cassia angustifolia [69]
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and different seeds of leguminose species [70] have been reported. Horse chestnut
(Aesculus hyppocastanum) from family Sapindaceae, and Common oak (Quercus
robur), Turkey oak (Quercus cerris), Northern red oak (Quercus rubra) and
European chestnut (Castanea sativa), from family Fagaceae, have also been
studied as natural coagulants [71] in CF operations. Amongst the different seeds
that have been investigated as PBC, the seed of Moringa Oleifera (MO) has
received the greatest attention and the coagulation efficiency is often used as a
baseline for the evaluation of the other PBC. On the assumption that the active
coagulating species in MO is a protein, it is assumed that the active coagulating
species in other seed coagulants are also proteins.

The coagulant components of the water extracts of MO has been described as a
water-soluble protein with a net positive charge [72] and as dimeric cationic pro-
teins with molecular mass of 12–14 kDa and isoelectric point (pI) values that
ranged between 10 and 11 [73]. It has also been posited that the coagulating MO
extract possesses a molecular mass of 6.5 kDa and a pI value greater than 10 [74].
On the other hand, it was reported that the active component from an aqueous salt
extract was not a protein, polysaccharide or lipid, but an organic polyelectrolyte
with a molecular weight of about 3.0 kDa [75]. It could be assumed that the nature
of the water and salt extract of the coagulating species in MO seed may be different
based on the different reports. In another study, the active coagulating components
of MO was reported to be soluble cationic proteins and peptides, with a molecular
weight ranging from 6 to 16 kDa and isoelectric pH values around 10 [74]. One of
these peptides, named MO2.1, has been purified, sequenced and proven to exhibit
coagulating activity on a glass powder suspension [74], bacteria and clay [76].
A non-protein component, with a molecular weight of 3 kDa has also exhibited
coagulating activity in kaolin suspension [77, 78]. The isolation of a large
molecular mass protein fraction, approximately 66 kDa, that exhibit coagulation
activity has also been reported [79]. Consequent upon the different opinion on the
nature and properties of the coagulant protein from M. Oleifera, more studies are
being carried out to unravel the nature of the actual coagulating species in the MO
seed extracts.

2.3.6 Polyphenolics

Complex polysaccharide tannin derivatives have been used in potable water and
industrial effluent treatment applications [80]. The use of tannin as either the pri-
mary coagulant or coagulant aid for water treatment have been reported [80–85].
Tannins are mostly vegetal water-soluble polyphenolic compounds with a molec-
ular weight that ranged between 500 and some thousand Daltons. Polyphenols are a
structural class of mainly natural, but also synthetic or semisynthetic organic
chemicals characterized by the presence of multiples of phenol in the structural
units. The number and characteristics of the phenol structures underlie the unique
physical, chemical, and biological (metabolic, toxic, therapeutic, etc.) properties.
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The presence of phenolic groups in tannin clearly indicates its anionic nature, since
it is an excellent hydrogen donor. The schematic representation of primary tannin
structure, in aqueous solution, and possible molecular interactions that induce
coagulation are presented in Fig. 2.3 [86].

Phenolic groups get deprotonated readily to form phenoxide, which is stabilized
via resonance. This deprotonation is attributed to the delocalization of electrons
within the aromatic ring, which increases the electron density of the oxygen atom.
This provides an indication that the more the phenolic groups that are available in a
tannin structure, the more efficient is its coagulation capability. An interesting study
on the application of a commercial tanning containing both amine and phenolic
groups for water treatment [87] showed that this tannin is cationic in nature since
there is a single tertiary amine group per monomer, giving a charge density of
approximately 3 meq/g. This tannin also exhibits amphoteric nature because of the
presence of phenolic groups.

2.3.7 Starch

Starch and starch rich materials (e.g. cereals) have also been studied as primary
coagulants [88, 89] and coagulant aid [90] in CF operations. In the crude form,
starch consists of a mixture of two polymers of anhydroglucose units, amylose and
amylopectin [91]. Amylose is a linear polymer of 1–4 linked a-D-glucopyranosyl
units with low molecular weight, which makes up 25% of the starch while the rest is
amylopectin, a highly branched polymer of a-D-glucopyranosyl residues linked
together by 1–4 linkages with 1–6 bonds at the branch points. As a major com-
ponent for most starches, amylopectin plays a critical role in defining the charac-
teristics of the starch.

Albeit, different reports have been presented on the coagulating effects of starch
in water treatment, but [35] opined that the poor cationic charge density of starch
couldnot make it an efficient primary coagulant. The poor coagulating ability of
starch and the constituents (i.e. amylose and amylopectin) has also been ascertained

Fig. 2.3 Schematic representation of basic tannin structure in aqueous solution and possible
molecular interactions [84]
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by Rath and Singh [92]. The flocculation characteristics of grafted and ungrafted
starch, amylose, and amylopectin were studied, and it was observed that the
behaviour of amylose could not be considered because of its insolubility in water.
In cases of starch and amylopectin, there was practically no floc formation, which
may be the reason for the poor flocculation efficiency exhibited [92].

Consequent upon the different reports on the poor coagulation efficiencies of the
starch-based materials, it could be concluded that adsorption (a surface phe-
nomenon) was possibly mistaken for coagulation (a phase transformation reaction)
in the published reports on the use of starches derived from various sources, as
primary coagulants. An overview of the applications of starches in CF operations
showed that to enhance the surface charge density of starch molecules, it is mod-
ified to obtain products of excellent coagulation efficiency.

2.3.8 Actinobacteria

Coagulants of microbial origin referred to as bioflocculants, are innocuous, envi-
ronmentally friendly and have been documented to show flocculation efficiency that
is comparable to those of conventionally used flocculants [93–95]. Microbial
flocculants are mainly polysaccharide produced mostly by bacteria such as
Alcaligenes cupidus KT-201 [96], A. latus B-16 [97], and Bacillus sp. DP-152 [98].
Axenic cultures including Bacillus firmus [99], Arthrobacter sp. Raats [100],
Enterobacter cloacae WD7 [101], Streptomyces sp. Gansen and Cellulomonas
sp. Okoh [95] Bacillus sp. Gilbert [102] and Pseudoalteromonas sp. SM9913 [103],
of the extreme deep sea psychrophilic milieu, have been respectively shown to
produce bioflocculants. High production cost and low yield have been attributed to
the limited application of bioflocculant in water treatment operations [104].

The bioflocculants produced from Streptomyces sp. Gansen and Cellulomonas
sp. Okoh were characterized as proteoglycan and glycosaminoglycan polysaccha-
ride, respectively, and were found to be stable to extremes of pH and high tem-
perature [105]. Chemical analyses of the purified consortium bioflocculant revealed
that polysaccharides (34.4%) and proteins (18.56%) accounted for about 52.96% of
the composition. Further, analysis of the polysaccharide constituent showed the
presence of neutral sugars (5.7 mg), amino sugars (9.3 mg), and uronic acids
(17.8 mg), out of 100 mg of the purified bioflocculant.

The determination of the component of a partially purified E. cloacae WD7
biopolymer showed that it was composed of neutral sugars (29.4%) and uronic
acids(14.18%) as the major and minor components, respectively, with a little
amount of amino sugar (0.93%) [101]. Neither alpha amino acids, analysed by the
ninhydrin reaction (L-leucine standard), nor aromatic amino acids, analysed by the
Xanthoproteic reaction using L-tryptophan standard [106] were detected. This
showed that it contained no amino acids or protein in its molecule, hence, the
biopolymer produced by E. cloacae WD7 was classified as a polysaccharide.
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The uronic acid contained in its molecular structure might be glucuronic acid, or
galacturonic acid is generally found in the acidic polysaccharides [107].

The determination of the electric charge on the biopolymer was carried out via
the addition of cetylpyridinium chloride (CPC) to the solution of partially purified
biopolymer of E. cloacae WD7. The formation of precipitate indicated that it
contained acidic groups in its structure due to the interaction with the quaternary
ammonium cation (QN+) of the CPC, resulting in the formation of a cetyl pyri-
dinium chloride polysaccharide complex [108]. Therefore, this polymer was clas-
sified as an acidic polysaccharide; its component acid can be one or more of the
acidic groups of pyruvate, succinate, uronate, acetate or sulphate [109, 110].
Margaritis et al. [107] surmised that these acidic groups may be responsible for the
anionic (or acidic) charge of the polysaccharide.

2.3.9 Alginate

Alginate (chemical formula: (C6H8O6)n), is the term usually used to refer to the salts
of alginic acid, and alginic acid itself. It is an anionic polysaccharide that binds with
water to form a viscous gum. Alginates occur both as a structural component in
marine brown algae (Phaeophyceae), comprising up to 40% of dry matter, and as
capsular polysaccharides in soil bacteria. Alginates from different species of brown
seaweed show variations in their chemical structure and physical properties. Alginic
acid is the only polysaccharide, which naturally contains carboxyl groups in each
constituent residue, and possesses various abilities for functional materials [111]. It
is a linear copolymer with homopolymeric blocks of (1-4)-linked b-D-mannuronate
(M) and its C-5 epimer a-L-guluronate (G) residues, respectively, covalently linked
together in different sequences or blocks. The monomers can appear in homopoly-
meric blocks of consecutive G-residues (G-blocks), consecutive M-residues
(M-blocks) or alternating M and G-residues (MG-blocks). Therefore, the knowl-
edge of the monomeric composition is not sufficient to determine the sequential
structure. Haug and Larsen [112] suggested that a second-order Markov model
would be required for a general approximate description of the monomer sequence in
alginates. The main difference, at the molecular level, between algal and bacterial
alginates, is the presence of O-acetyl groups at C2 (carbon in the second position)
and C3 (carbon in the third position) in the bacterial alginates [112].

The most useful and unique property of alginates is their ability to react with
polyvalent metal cations, especially calcium ions to produce stable gels or insoluble
polymers [113, 114]. The mechanism of coagulating action of alginate is assumed
to be guided by either charge neutralization, along with bridging the gap between
the particles, or by the formation of calcium alginate gel, which is especially more
efficient at high calcium concentrations [115]. Calcium alginate gel combines with
particles and captures (i.e. sweep coagulation mechanism) them at the stage of gel
formation or after gel formation. Finally, floc formed by the gel and the particle gets
dense enough and settles down [116].
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2.4 Underlying Mechanisms of Coagulation-Flocculation
Process

On the strength of the classifications proposed by [117], the coagulation or
destabilization of suspended colloidal particles in qua system is postulated to be
achieved via four mechanisms, namely the double-layer compression, charge
neutralization, bridging as well as sweep coagulation. The occurrence of this
mechanism of coagulation is a function of the type of coagulant used and the nature
of the water matrix on which coagulation is to be performed. Any of these modes of
coagulation reaction can occur singly or in combination. The synopsis of the
underlying principle of each mechanism of CF is presented below:

2.4.1 Double-Layer Compression

This coagulation mechanism rely on the action of an excess electrolyte (a highly
charged ionic species), added as a coagulant to the aqua system. The coagulant alters
the overall ionic concentration of the system and the electrical double layer, sur-
rounding the particulate, is compressed to the extent that the repulsive energy barrier
between the particulates is lowered. This phenomenon promotes molecular attraction
and subsequent micro and macro flocs formation. However, the effectiveness of this
coagulation mechanism is questionable and is usually not preferred. The presence of
bivalent ions (e.g. Ca2+ and Mg2+) in water has been reported to induce some form of
coagulation activities via the double-layer compression mechanism [118].

2.4.2 Charge Neutralization

This involves the adsorption of oppositely charged ionic species, present in the
coagulant, on the colloidal surface. Under normal surface water conditions, colloidal
particles are usually negatively charged, thus, positively charged coagulants are
attracted to the colloids to induce surface charge neutralizations. The effectiveness of
this mechanism is strongly dependent on the coagulant dosage introduced because
particle stabilization could easily occur once the optimum dosage is exceeded.

2.4.3 Adsorption and Bridging

The bridging of particles occurs with the introduction of long-chain polymers or
polyelectrolytes, as the coagulants. The coagulants are capable of extending into the
solution to capture and bind multiple particulates together.
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2.4.4 Sweep Coagulation

Sweep coagulation occurs through the precipitation of metal hydroxide, and the
colloidal particles got enmeshed in these precipitates. Sweep coagulation could
result in improved coagulation for greater removal performance in comparison with
charge neutralization [119]. Consequent upon the fact that higher coagulant dosage
is required for this mode of coagulation mechanism to take effect, large sludge
volume has generated at the end of the coagulation process.

An inference could be drawn that a specific coagulant can only operate using
some but not all the modes of coagulation mechanism judging from the principle of
each of the coagulation mechanism highlighted above. For example, alum coagu-
lants (aluminium or ferric) can only operate using sweep coagulation, charge
neutralization or double layer compression, singly or in combination, but cannot
operate using the adsorption and bridging mechanism. In the same vein, coagulants
based on polyelectrolytes cannot operate using sweep coagulation, but it can
operate with adsorption and bridging, double layer compression or charge
neutralization.

2.4.5 Insight into the Coagulation Mechanism of PBC

Consequent upon the dependence of the operating coagulation mechanism, in a
specific CF system, on the nature of the coagulants and the water matrix, the PBC
may not function via similar underlying coagulation mechanism. Thus, it is rec-
ommended that the underlying mode of CF process should be evaluated, contex-
tually, to obtain an informed opinion.

An overview of the proposed mechanisms of CF that has been reported by
different researchers (e.g. [62, 67, 120–122] etc.), when PBC is used as the primary
coagulant, showed that the adsorption and bridging coagulation and charge neu-
tralization are the mechanisms that are usually pinpointed. Using chitosan as a case
study of PBC, it has been posited that the CF ability occurs through a dual
mechanism. These include coagulation by charge neutralization and flocculation by
bridging mechanism. Since Chitosan is a polymer with moderate to high molecular
weight and it is positively charged within the pH of natural water, it can effectively
coagulate natural particulate and colloidal materials, which are negatively charged,
through adsorption, charge neutralization and interparticle bridging. The coagu-
lating ability of other PBC, whose genre were delineated in sects. 2.3.1–2.3.9, have
also been ascribed to this same mechanism, because of the macromolecular nature
of the skeletal framework of the active coagulating species in PBC.

A comprehensive account of the process of CF mechanism, via the adsorption
and bridging (Fig. 2.4) and charge neutralization mechanism, by polymeric coag-
ulants was described by [121].
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It was posited that the adsorption of particulates in an aqua matrix on the
polymer surface occurs only if an affinity exists between the coagulant polymer
framework and the dispersed colloidal particle surface in the aqua matrix. The
adsorption affinity must be sufficient to outweigh the loss of entropy associated with
polymer adsorption since an adsorbed chain will have a more restricted configu-
ration than a random coil in free solution [123]. Depending on the nature of charge
on the active coagulating species in the PBC, the adsorption interaction could occur
via electrostatic interaction, hydrogen bonding and ion binding. An essential
requirement for bridging flocculation is that there should be sufficient unoccupied
surface on a particle for attachment of segments of polymer chains adsorbed on
other particles. It follows that the adsorbed amount should not be too high, else the
particle surfaces will become so highly covered that there are insufficient adsorption
sites available and the particles are said to be restabilised (Fig. 2.4b). It is also
noteworthy that, the adsorbed amount should not be too little; otherwise not enough
bridging contacts could be formed. These considerations lead to the idea of an
optimum dosage bridging flocculation.

Polymer bridging gives much stronger aggregates (flocs) than those formed in
other ways i.e. by metal salts [123]. This is clearly evident by the common obser-
vation that large flocs can be formed long-chain polymers even under conditions of
enough high shear, as in a stirred vessel. The flocs usually grow to equilibrium (steady
state) size, which is dependent on the applied shear or stirring speed. The stronger the
flocs, the larger they can grow under given shear conditions [124]. Bridging contacts
are also more resistant to breakage at elevated shear levels. However, floc breakage
can be irreversible, so that broken flocs do not quickly re-form under reduced shear
conditions [125]. Irreversible breakage may be due to scission of polymer chains
under rough conditions [126] or the detachment of adsorbed polymer segments
followed by re-adsorption in a manner less favourable for bridging interactions.

Most often, particulates and colloidal fractions in water matrix are negatively
charged. Thus PBC whose active coagulating ingredient is cationic would be most
effective as a coagulant. Electrostatic interaction gives high adsorption in such

Fig. 2.4 Schematic representation of a an adsorption and bridging coagulation mechanism
b restabilization by adsorbed polymeric coagulant chains [121]
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system, and the neutralisation of the particle surface and even charge reversal can
occur. Thus, the possibility that coagulation could occur simply as a result of the
reduced surface charge of the particles and hence a decreased electrical repulsion
between them is very high. In CF operations, the optimum coagulation is achieved
at coagulant dosages that are required to simply neutralise the particle surface
charge, or to give a zeta potential close to zero [127]. PBC of high charge density
are more effective, only because, for a given dosage, they deliver more charge to the
particle surface. Since high charge density polymers tend to adsorb in a rather flat
configuration, there is little opportunity for bridging interactions [123].

When high charge density PBC adsorb on negatively charged surfaces with a
relatively low density of charged sites, another possibility arises, which has become
known as the “electrostatic patch” mechanism [128, 129]. An important conse-
quence of “patchwise” adsorption is that, as particles approach closely, there is an
electrostatic attraction between positive patches and negative areas, which can give
particle attachment and hence coagulation. Flocs produced in this way are not as
strong as those formed by bridging, but stronger than flocs formed in the presence
of metal salts or by simple charge neutralisation. Re-flocculation after floc breakage
occurs more readily in the case of an electrostatic patch than bridging [125].

2.5 Conclusion

The active coagulating species in PBC varied widely, and the underlying mecha-
nisms of coagulation is a function of the skeletal features of the PBC and the water
matrix composition. Adsorption, charge neutralization and bridging mechanism are
the coagulation-flocculation mechanism that is common in this class of coagulants.
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Chapter 3
Tuning Polysaccharide Framework
for Optimal Coagulation Efficiency

3.1 Introduction

Some of the conventional treatment methods for removal of suspended and col-
loidal materials from water include chemical coagulation, flocculation, followed by
sedimentation and sand filtration. Other methods that can be used include slow sand
filtration, flotation, micro-filtration and ultra-filtration. Coagulation and flocculation
processes form important parts of water and wastewater treatment in the removal of
suspended particles, and they can be employed in the removal of colloidal particles
that impart colour to water, create turbidity, and retain bacteria and viruses.

Different types of polymers are, today, used in water treatment. They coagulate
using a mechanism called bridging in which particles bond to their long chains and
are later removed during filtration [1]. However, the use of coagulation and floc-
culation in water and wastewater treatment result in the formation of large amount
of sludge, which proves difficult to dewater and require further treatment proce-
dures. This complicates handling and disposal, leading to increased cost of treat-
ment. To abate these shortcomings, synthetic polymers have gained significant
attention as water treatment coagulants. Although, they do have some limitations,
they exhibit a significant degree of selectivity to certain types of colloids; they form
large and stable floc, but usually do not produce a clear supernatant since they are
generally incapable of enmeshing all of the colloidal particles in raw water.
However, their unit cost are much higher than for alum or ferric chloride; and most
of them are not readily biodegradable [2].

Natural polyelectrolytes, which are extracted from certain plant and animal
matter, are a prospective alternative to synthetic polymers. They are safe to human
health, biodegradable and have wider effective dosage range of flocculation for
various colloid suspensions [2].
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3.2 The Skeletal Framework of Polysaccharides

Majority of carbohydrate materials found in nature are in the form of polysac-
charides. These are substances, which include not only those that are composed of
glycosidically linked sugar residues, but also molecules that contain polymeric
saccharide structures that are linked through covalent bonds to amino acids, pep-
tides, proteins, lipids and so on.

Polysaccharides also called glycans; consist of monosaccharides and their
derivatives. A polysaccharide, which is composed of only one kind of monosac-
charide molecule, is known as a homopolysaccharide, or homoglycan, while those
that contain more than one type of monosaccharide are called heteropolysaccharides
or heteroglycans. The most common constituent of polysaccharides is D-glucose.
However, others such as D-fructose, D-galactose, L-galactose, D-mannose, L-arabi-
nose, and D-xylose are also known. Some monosaccharide derivatives found in
polysaccharides include the amino sugars (D-glucosamine and D-galactosamine) and
their derivatives (N-acetylneuraminic acid and N-acetylmuramic acid), as well as
simple sugar acids (glucuronic and iduronic acids). Glucose homopolysaccharides
also known as glucans and mannose homopolysaccharides also known as mannans
are so named based on the type of sugar unit that makes up the homopolysaccharides.
The nature of the monosaccharides, the length of the chains and the amount of chain
branching are the features that make the difference among polysaccharides.
Polysaccharides can form branched structures due to the presence of hydroxyl rad-
icals that are present on their sugar units, thus making them acceptor of glycosyl
substituents, a feature that distinguishes polysaccharides from nucleic acids and
protein.

The two types of polysaccharides are storage and structural polysaccharides.
Storage polysaccharides occur in plants such as starch in the form of a-amylose and
amylopectin. Structural polysaccharides have similar compositions as storage
polysaccharides. However, they have features that differ from those of the storage
polysaccharides. The most abundant natural polymer, cellulose, is a structural
polysaccharide. It is found in the cell walls of almost all plants andmarine algae [3–5].
The second most abundant natural polymer is chitin [6] which is widely distributed in
marine invertebrates, insects, fungi, and yeast [7].

Polysaccharides are stereoregular polymers of monosaccharides (sugars). In
nature, they are abundant biopolymers; inexpensive (low-cost biopolymers);
renewable resources; stable and hydrophilic biopolymers. They also have biological
and chemical properties such as non-toxicity, biocompatibility, biodegradability,
polyfunctionality, high chemical reactivity, chirality, chelation and adsorption
capacities. The excellent adsorption behavior of polysaccharides is mainly attrib-
uted to (1) high hydrophilicity of the polymer due to hydroxyl groups of glucose
units; (2) presence of a vast number of functional groups (acetamido, primary amino
and/or hydroxyl groups); (3) high chemical reactivity of these groups; (4) flexible
structure of the polymer chain [6]. Despite the properties of polysaccharides, some
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of them possess undesirable properties. Chitosan and Cyclodextrins are soluble in
acidic media except with physical and chemical modifications. Starch being soluble
in water restricts the development of starch-based materials. However, hydrophobic
materials can be produced through chemical derivatization depending on the pur-
pose for which the material is intended. Conversion of hydroxyl groups to
aminopropyl [7] or hydroxyalkyl [8] is possible when a water-soluble starch
derivative is intended for application in wastewater treatment.

3.3 Justification and Theoretical Basis for Modifying
Polysaccharide Framework

Chemical modification of polysaccharides is justifiable to improve their qualities
regarding solubility, biocompatibility, biodegradability, mechanical properties and
shape. Modification of Polysaccharides can be approached in several ways among
which are:

• Blending or chemical linkages with synthetic biopolymers;
• Surface coating of micro- or nano-spheres with biocompatible synthetic

polymers;
• Crosslinking with different physical or chemical reagents;
• Hydrophobization through alkylation reactions;
• Modulation of guluronic/mannuronic ratio;
• Modulation of deacetylation degree.

Polysaccharides are known to possess a large number of reactive groups (hydroxyl
and acetamido groups) present at the 2-, 3-, and 6-positions in the glucose unit.
Direct substitution reactions such as esterification or etherification reactions and
chemical modifications (chemical derivatisation) such as hydrolysis, oxidation or
grafting, or enzymatic degradation can occur on the groups of the polysaccharides
to produce different polysaccharide derivatives for specific applications.The starch
and chitin derivatives can be classified into three main classes of polymers:
(i) modified polymers such as cationic starches, carboxymethylchitin,
(ii) Derivatized biopolymers, including chitosan, cyclodextrins and their derivatives
(iii) polysaccharide-based materials such as resins, gels, membranes, composite
materials [6]. The derivatives of these polymers are versatile as they contain
numerous functional groups, which are readily available, depending on the
experimental conditions, for chemical reactions. In general, modified polysaccha-
rides derivatives can be obtained at different mono, di or tri- positions; this allows
for the production of more polar sorbents. Another important feature of starch and
chitin is the ability to undergo chemical derivatization in which the grafting of some
functional (hydrophobic) group onto to the polysaccharide network can improve
their adsorption properties. The chemical modification of the starch and chitin also
allows preparation of two derivatized polysaccharides, cyclodextrin and chitosan,
respectively.
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An important class of starch derivatives are the cyclodextrins or cycloamyloses.
Cyclodextrins (CDs) are macrocyclic oligosaccharides polymers that contain six to
twelve glucose units. They are formed by the action of an enzyme on starch. There
are three microcyclic CDs; these are alpha-cyclodextrin, beta-cyclodextrin and
gamma-cyclodextrin which consist of six, seven and eight D(C)-glucopyranose
units, respectively. An important feature of cyclodextrins is their ability to form
inclusion compounds with various molecules, especially aromatics: the interior
cavity of the molecule provides a relatively hydrophobic environment into which an
apolar pollutant can be trapped [9–12].

Chitosan, a deacetylated derivative of chitin is more important than chitin
although the N-deacetylation is almost never complete. Chitosan is a linear poly-
cationic polymer which contains 2-acetamido-2-deoxy-b-D-glucopyranose and
2-amino-2-deoxyb-D-glucopyranose residues [13]. Chitosan has been reported to
chelate five to six times greater concentrations of metals than chitin [14]. This
property is related to the free amino groups exposed in chitosan because of
deacetylation of chitin [13]. This biopolymer has drawn particular attention as a
complexing agent due to its low cost as compared to activated carbon and its high
content of amino and hydroxy functional groups showing high potentials for a wide
range of molecules, including phenolic compounds, dyes and metal ions [6, 15].
Metal complexation by chitosan and its derivatives has been reported [16]. Through
chemical reactions such as crosslinking and grafting, modification of polysaccha-
rides can give interesting macromolecular superstructures, e.g. gels and hydrogels
networks, polymeric resins, beads, membranes, fibres or composite materials. These
polysaccharide-based materials can then be used as adsorbents [6].

Polysaccharide-based materials can be modified in two ways:

(i) Cross-linking reactions: Polysaccharides can be cross-linked by a reaction
between the hydroxyl or amino groups of the chains with a coupling agent to
form water-insoluble cross-linked networks [9, 16–19]. Gels are mainly
classified into two: chemical gels and physical gels. While chemical gels are
formed by irreversible covalent links, physical gels are formed by various
reversible links [20, 21]. An alternative to covalently cross-linked gels is the
formation of polysaccharide gels by polyelectrolyte complexation [6].

(ii) Coupling or grafting reaction: Polysaccharide-based materials can be syn-
thesized when polysaccharides are immobilized onto insoluble supports
through coupling or grafting reactions. The resulting materials combine the
physical and chemical properties of both inorganic and organic components
[9, 18, 22–26].

A relatively convenient method of preparation of polysaccharide-based materials is
through cross-linking reaction. Crosslinking occur when a cross-linking agent
reacts with macromolecules linear chains (i.e. cross-linking step) and itself (i.e.
polymerization step) in an alkaline medium. This reduces segment mobility in the
polymer, and some chains are interconnected by the formation of new inter-chain
linkages, thus forming a three-dimensional network. If the degree of reticulation is
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sufficiently high, the matrix of the polymers becomes insoluble in water and organic
solvents, however, it becomes swollen in water. Hydrophilicity and degree of
cross-linking are the most important factors controlling the extent of adsorption
properties of a polysaccharide-based material [27]. Gels that are covalently
cross-linked are called permanent or chemical gels. Unlike physical gels, chemicals
gels are heterogeneous.

Solid state 13C NMR study of cross-linked epichlorohydrin–cyclodextrin poly-
mers was reported to contain a cross-linked epichlorohydrin–cyclodextrin com-
posite and a polymerized epichlorohydrin chains obtained when EPI reacts with
itself [9]. A classical reaction scheme is shown in Fig. 3.1.

The scheme in Fig. 3.1 is accepted for the reaction of EPI with CD (or starch).
However, EPI can react with chitosan and also, with the amino groups in the

Fig. 3.1 Proposed mechanism for the reaction of EPI with cyclodextrin a cross-linking step,
b cross-linked agent polymerization, c hydrolysis of the mono-grafted EPI leading to a glycerol
monoether [8]
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chitosan framework resulting in more complex cross-linked chitosan beads
(Fig. 3.2). Another NMR relaxation study showed that cross-linking reaction
involving starch and polymer containing tertiary amine groups was not homoge-
neous and increasing the cross-linking degree increased the amorphous content
[28]. A possible structure for cross-linked starch-polymer containing tertiary amine
groups is presented in Fig. 3.3. EPI has broad industrial application. For example, it
is employed as intermediates for the synthesis of many chemical products such as
epoxy-resins, glycerin, polyurethane foam, elastomers, surfactants, lubricants,

Fig. 3.2 Schematic representation of crosslinked chitosan beads: a chitosan–EPI, b chitosan–
GLA, and c chitosan–EGDE [6]
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drugs, etc. EPI, being a bifunctional molecule, is highly reactive with hydroxyl
groups [6]. In its use in water or wastewater treatment in its modifed form with
chitosan, EPI does not eliminate the cationic amine function of chitosan, which is
the primary adsorption site attracting the pollutant during adsorption. However, EPI
is sparingly soluble in water and partially decomposes to glycerol [6, 28]. Some
Researchers are still skeptical about the cross-linking reaction between EPI and
polysaccharides [9, 18], despite that the reaction has been in existence for many
years now [29, 30].

Another significant cross-linking agent is glutaraldehyde (GLA), which is a
dialdehyde. GLA has frequently been cross-linked with chitosan [31, 32]. The
reaction is a Schiff’s base reaction between aldehyde groups of GLA and some
amine and hydroxyl groups of chitosan [33]. GLA is a known neurotoxin [31].
Several researchers have reported that cross-linking reactions involving polysac-
charides and bi- or polyfunctional crosslinking agents such as epichlorohydrin

Fig. 3.3 A possible structure of a cross-linked starch-based ion exchanger [6]
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[33–35], ethylene glycol diglycidyl ether [22], glutaraldehyde [36, 37], caprolac-
tone [38], lactone [39], sodium trimetaphosphate (STMP), sodium tripolyphosphate
(STPP), [40] have resulted in either homogenous or heterogeneous composite
material. So, STMP has been proposed as a non-toxic and an effective cross-linking
agent for starch. However, some researchers have combined different modifications
to produce different characteristics of starches [41–47].

3.4 Advances and Mechanistic Insight
into the Modification of Polysaccharide Framework

Synthetic polymers such as polyacrylamide (PAM) and its derivatives have been
commercially used as a flocculant for the removal of contaminants in water [48,
49]. However, synthetic polymers are non-biodegradable and unstable to shear
field. Thus, their effective application as a flocculant is limited [50]. Conversely,
natural polymers such as polysaccharides are biodegradable and resistant to shear
degradation but they are poor flocculant. Grafting of PAM onto the backbone of
polysaccharides gives a synergistic effect on the synthetic polymer-
polysaccharide product. Flocculation efficiency is enhanced as a result of the
proximity of the suspended particles to the PAM side chains.

Some studies have shown that PAM can be grafted onto the backbone of chi-
tosan. Chitosan is a biopolymer, extracted from chitin by deacetylation in the
presence of alkali [50]. Chitin is a hard, inelastic nitrogenous polysaccharide
extracted from crustacean shells, such as prawns, crabs, insects, and shrimps [51,
52]. The high percentage of nitrogen content in chitosan attracts the attention of
many researchers. Chitosan also contains amine and hydroxyl groups, which act as
chelating sites for metal ions. It is nontoxic and biodegradable. Table 3.1 presents
characteristics of chitosan preparations used in the flocculation of a bentonite
suspension while Table 3.2 presents characteristics of chitosan preparations used in
the flocculation of organic pollutants.

3.4.1 Modified Chitosan Flocculants

Although chitosan has been used directly as a flocculant, its shortcomings have
been low molecular weight, inactive chemical properties, and poor water solubil-
ity, all of which have rendered it less efficient as a flocculant [53]. Chemical
modification has been suggested to mitigate these drawbacks and improve its
performance. This is achieved through the presence of abundance of free amines
and hydroxyl groups on the chitosan backbone onto which various functional
groups can be introduced. The products of the modification show improved char-
acteristics such as water solubility, molecular weight ranges, charge density, and
multi-functionality, allowing their use in a much wider range of applications [54].
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Chemical modification affords the engineering of polysaccharides depending on the
nature of the pollutants and structure-activity relationships [55]. For example,
cationic functional groups, such as quaternary ammonium salts, have been intro-
duced onto the chitosan backbone to flocculate most inorganic suspended particles
and many organic pollutants.

For the purpose of wastewater treatment, the two primary chemical modification
methods for the modification of polysaccharide-based flocculants are
etherification/amination and graft copolymerization. Both modification techniques
will be briefly discussed further.

3.4.1.1 Etherification/Amination

Etherification/amination is one of the simple methods for introducing functional
groups onto backbones of polysaccharides. Etherification consists of the transfor-
mation of a –OH group to form a –C–O–C– structure, yielding the etherified
polymer. Amination involves the substitution of –NH2 with a –C–N–C– structure,

Table 3.1 Characteristics of chitosan preparations used in the flocculation of a bentonite
suspension [58]

Sample
no.

MW (g/mol) DD
(%)

pH of
flocculation

Ionic strength Brief description

1 1.62 � 106–
4.70 � 106 a

−48 to
86

Not clear NaClO4,
0.01 mol/L

The optimal chitosan dose
decreased linearly with
increasing DD, but the
MW was a more important
determinant

2 2.79 � 104–
3.00 � 105 a

−69 to
100

−6.5 to 7.5 NaCl,
0.001 mol/L

MW was a more important
determinant than DD

3 3–5100cPb −83 to
91

−5 to 9 Not clear DD and MW had only
slight effects on the
coagulation/flocculation
performance

4 4.51 � 104–
3.08 � 105 c

−78 to
95

5 or 7 Demineralized
water
(DW) and tap
water (TW)

Coagulation was better in
TW than in DW: chitosans
with a higher MW were
more efficient

5 0.15 � 104–
2.33 � 105 c

−54.6
to
95.3

−3 to 9 DW and TW Coagulation was better in
TW than in DW;
flocculation efficiency
depended on not only the
DD and MW but also the
ionic strength, pH, and the
flocculant dose

aViscosity—average molecular weight
bCentipoise, as a direct measure of viscosity
cWeight—average molecular weight
MW-Molecular Weight
DD-Degree of Deacetylation
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Table 3.2 Characteristics of chitosan preparations used in the flocculation of organic pollutants
[58]

Sample
no.

Organic pollutant MW (g/mol) DD (%) pH of flocculation Brief description

1 Anionic dye
(Reactive
Black 5)

8.01 � 104,
3.08 � 105 a

89.5 3.5 High-MW chitosan
slightly decreased the
process efficiency due to
the reduced availability
of amine groups and the
polymers less flexible
structure. The molar
ratio between dye
molecules and amine
groups ([n]) respected
the stoichiometry
between the sulfonic
groups and the
protonated amine groups
at the initial pH of 5

2 Humic substances −3.00 � 103–
3.99 � 105 b

−4.51 � 104–
3.08 � 105 a

−51 to
99
78–95

−3.7
−4.0 to 9.0

The MW of chitosan did
not significantly
influence the maximum
removal of humic
substances. Chitosans
with the highest DDs
were the most efficient
coagulants
The MW of chitosan did
not affect the
coagulation/flocculation
of humic acid

3 Soluble proteins
in surimi wash
water

−2.23 � 104–
3.83 � 106 c

−75 to
94

5.0, 7.0 Chitosan-alginate
complexes were used as
flocculants at a constant
mixing ratio of 0.2. The
superior effectiveness of
the complexes was
confirmed, but
differences among
chitosan types did not
correlate with MW and
DD

4 Ink-containing
packaging
wastewater

8.01 � 104,
3.08 � 105 a

89.5 5, 7, 5 The MW had no major
effects on
coagulation/flocculation
performance

5 Surfactant-free
polystyrene latex

1.90 � 104–
1.92 � 106 c

62–98 −3 to 7 Flocculation efficiency
increased with increases
in either MW or DD, but
the effects were slight

6 Mushroom
powder suspended
in TW

−4.51 � 104–
3.08 � 105 a

78–95 5, 7, 9 MW and DD had a
limited effect on
flocculation
performance, which is
related to pH and
flocculant dose

(continued)
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yielding the N-alkylated polymer. In most cases, the reactivity of –NH2 is higher
than that of –OH [53, 56]. C6–OH is the most reactive hydroxyl groups on the
glucosamine ring of some polymer, because of the reduced steric hindrance and
higher electronegativity of its oxygen. Thus, etherification reaction mostly takes
place on C6–OH groups [53, 57]. An important structural factor affecting the
flocculation efficiency of a polymer-based flocculant is its degree of functional
group substitution. Accordingly, during etherification/amination reactions, the dose
of the modifying agent, the alkalization time, alkalization temperature, and the
proportions of alkali and solvents in the reaction medium can influence the final
structure of the polymer derivatives. Among them, adjusting the degree of
substitution, (DS), of introduced functional groups can be easily accomplished by
carefully controlling the mass to feed ratio of polymer and the modifying agent [53,
58].

Polysaccharides can also be modified through the addition of anionic groups to
improve the flocculation efficiency of the polymer-based flocculant towards posi-
tively charged pollutants.

Increasing the DS within a suitable range can improve the flocculation of pol-
lutants containing opposite surface charges, via enhanced charge neutralization
effects. Furthermore, the effect of the distribution of functional groups introduced
on the polymer backbone is another factor that influences flocculation [53].

Table 3.2 (continued)

Sample
no.

Organic pollutant MW (g/mol) DD (%) pH of flocculation Brief description

7 Organic
compounds,
inorganic nutrients,
and bacteria in
aquaculture
wastewater

−3.0 � 105–
6.0 � 105 d

−6.21 � 103–
3.62 � 105 d

80–98
90

−3.0 to 10.0
−3.0 to 10.0

A high DD and low pH
improved the
flocculation performance
of chitosan
High-MW chitosan was
best at removing
turbidity and suspended
solids as well as at
lowering biological and
chemical oxygen
demand (BOD and
COD). Low-MW
chitosan was best at
removing NH3 and PO4

3

from wastewater

8 Pulp/calcium
carbonate from
papermaking

−7.70 � 104–
4.44 � 105 d

−85.7
to 87.5

Not clear Flocculation efficiency
increased with
increasing MW

aWeigh-average molecular weigh
bNumber-average molecular weight
cViscosity-average molecular weight
dNo details
MW-Molecular Weight
DD-Degree of Deacetylation
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3.4.1.2 Graft Copolymerization

This is another form of chemical modification of polymers in which synthetic
functional polymers are introduced onto the backbones of natural polysaccharides.
This allows for the formation of various molecular networks. The steps that are
involved in the graft copolymerization reaction for polymers are the dissolution of
the polymer into a homogenous aqueous solution; initiation of the reaction; and
grafting after the feeding in of the desired amount of the selected monomer [57].
The medium for dissolution is dilute acid (e.g. ethanoic acid or hydrochloric acid),
and the reaction is carried in an inert atmosphere. Furthermore, the graft reaction
may be initiated by radiation (e.g. gamma ray [59]; microwave; ceric ammonium
nitrate (CAN) or persulfates [53]. Examples of some of the nonionic, cationic, or
anionic monomers that can be employed for the grafting reaction are listed in
Table 3.3.

Copolymers synthesized through grafting reactions are characterized by their
structural features, such as the grafting ratio, charge density, and the length and size
of the polymer chains that are attached, which are premised on the reaction con-
ditions, such as the total irradiation, the initiator dose, and the amount of the fed
monomer [53]. The grafting ratio increases with increasing amounts of monomers
[60]. The lesser the total irradiation dose or initiator concentration, the fewer but
longer the side chains of graft copolymers [61].

3.4.2 Plant-based Bioflocculants

Natural plant-based bioflocculants have become a promising alternative to poly-
meric flocculants. Application of bioflocculants in wastewater treatment is
increasingly becoming popular based on their biodegradability, nontoxicity, wide
availability from renewable resources, environment friendly processing, and having
no negative impact on the environment [62]. Bioflocculants derived from various
plant species have been successfully employed for the treatment of biological
effluent, landfill leachate, dye containing wastewater, textile wastewater, tannery
effluent, and sewage effluent [63–66].

3.4.2.1 Plant Materials and Bioflocculant Preparation

Some plant species and their flocculating properties in the treatment of synthetic or
real wastewater are presented in Table 3.4. The characteristic properties peculiar to
these plants are the presence of mucilage and they have neutral pH. Mucilage is the
hydrocolloids present in plants; they have viscous colloidal dispersion properties in
water [62]. They are heterogeneous in composition and are typically polysaccharide
complexes formed from the sugars of different monosaccharides, including arabinose,
galactose, glucose, mannose, xylose, rhamnose, and uronic acid units [62, 65, 66].
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Table 3.3 Monomers for the preparation of chitosan-based flocculants [53]

3.4 Advances and Mechanistic Insight into the Modification … 49



T
ab

le
3.
4

Fl
oc
cu
la
tin

g
pr
op

er
tie
s
of

pl
an
ts
[6
2]

Pl
an
t
sp
ec
ie
s

Sc
ie
nt
ifi
c
na
m
e

C
om

m
on

na
m
e

C
ha
rg
e

pH
So

lu
bi
lit
y

in
w
at
er

A
ct
iv
e
in
gr
ed
ie
nt
s

E
xt
ra
ct
io
n
m
et
ho

d
E
xt
ra
ct
ed

pl
an
t
pa
rt

H
ib
is
cu
s/
A
be
lm
os
ch
us

E
sc
ul
en
tu
s

O
kr
a/
la
dy

fi
ng

ur
e

A
ni
on

ic
5.
2–

8
So

lu
bl
e
in

co
ld

w
at
er

L
-r
ha
m
no

se
,
D
-g
al
ac
to
se

an
d

L
-g
al
ac
tu
ro
ni
c

So
lv
en
t
ex
tr
ac
tio

n,
pr
ec
ip
ita
tio

n,
dr
yi
ng

an
d

gr
in
di
ng

Se
ed
po

ds

M
al
va

sy
lv
es
tr
is

M
al
lo
w

-
6.
5–

7
-

-
D
ry
in
g
an
d
gr
in
di
ng

Se
ed
po

ds
an
d
lo
bs

P
la
nt
ag

o
ps
yl
liu

m
Ps
yl
liu

m
A
ni
on

ic
7.
1–

7.
8

So
lu
bl
e
in

co
ld

w
at
er

L
-a
ra
bi
no

se
,D

-x
yl
os
e
an
d

D
-g
al
ac
tu
ro
ni
c
ac
id

So
lv
en
t
ex
tr
ac
tio

n
an
d

pr
ec
ip
ita
tio

n
Se
ed

hu
sk

P
la
nt
ag

o
ov
at
a

Is
ab
go

l
A
ni
on

ic
-

-
-

D
ry
in
g
an
d
gr
in
di
ng

Se
ed

hu
sk

Ta
m
ar
in
du

s
in
di
ca

T
am

ar
in
d

-
-

So
lu
bl
e
in

co
ld

w
at
er

D
-g
al
ac
to
se
,
D
-g
lu
co
se

D
-

xy
lo
se

So
lv
en
t
ex
tr
ac
tio

n
an
d

pr
ec
ip
ita
tio

n
Se
ed
s

Tr
ig
on

el
la

fo
en
um

-
gr
ae
cu
m

Fe
nu

gr
ee
k

N
eu
tr
al

7.
7–

8.
6

Pa
rt
ia
lly

so
lu
bl
e

D
-g
al
ac
to
se

an
d

D
m
an
no

se
So

lv
en
t
ex
tr
ac
tio

n
Se
ed
s

50 3 Tuning Polysaccharide Framework for Optimal Coagulation …



The active ingredients in the mucilage may be responsible for the flocculating
property of plant species.

Solvent extraction/precipitation and drying/grinding are the two principal
methods for the production of plant-derived bioflocculants [63, 67, 68].

3.4.3 Flocculation Mechanism of Bioflocculants

Charge neutralization, electrostatic patch, and polymer bridging are the major
mechanisms of flocculation via bioflocculants [69]. In some studies, X-ray
diffractograms had been used to observe and postulate the possible flocculation
mechanisms of natural polymers in wastewater treatment [62]. However, the X-ray
diffraction patterns suggested an interaction of the solid waste with the mucilage
extracted from polysaccharides. Analysis of zeta potential has been employed for
the measurement of the magnitude of electrical charge around colloidal particles,
since processes of coagulation and flocculation primarily depends on the electrical
properties [63]. Ionic charge of bioflocculants and surface charge of suspended
particles can be determined by using the measurement of zeta potential, thus,
predicting flocculation mechanism. It has been reported that light diffraction scat-
tering (LDS) can be employed to monitor the dynamics of flocculation and evaluate
different types of flocculation mechanisms based on the properties of the flocculants
[70, 71]. Using LDS, effects of charge density of the flocculant on the fractal
dimension of the flocs, which serves as the measurement of the compactness of the
aggregates can be evaluated. Monitoring the kinetics and mechanisms of the per-
formance of a bioflocculant during flocculation process could be achieved through
measurement of zeta potential and the use of LDS technique.

3.4.4 Plant-based Grafted Bioflocculants

Due to the deficiencies experienced from bioflocculants when employed alone in
water and wastewater treatment processes, chemical modifications of natural
macromolecules, especially polysaccharides, to improve their flocculating proper-
ties have recently gained focus [62]. Chemical modification is done to overcome
deficiencies such as average flocculation efficiency, and uncontrolled biodegrad-
ability that shortens shelf life, [62]. Conversely, synthetic flocculants have higher
efficiency and long shelf life but are non-biodegradable and toxic to the environ-
ment [62]. The properties of natural and synthetic polymers can be enhanced
through the production of grafted copolymers [72]. The aim of graft copolymer-
ization is to obtain a novel polymer that has a combination of the best properties of
both groups of polymers involved. Grafting of synthetic polymer branches onto the
backbone of natural polymer has produced efficient, reasonably shear stable and
environment-friendly flocculants [62]. Synthetic polymers have been grafted onto

3.4 Advances and Mechanistic Insight into the Modification … 51



the backbone of plant-based biopolymers to produce flocculants with enhanced
flocculating properties compared to ungrafted natural polysaccharides [73–75]. The
flocculating performance of the plant-based grafted bioflocculants reported in the
literature is summarized in Table 3.5.

3.4.4.1 Grafting Methods

Grafted copolymers consist of a long sequence of one polymer with one or more
branches of another polymer [76]. Synthesis of graft copolymer process occurs
when free radical sites are created on the preformed polymer (polysaccharide)
through an external agent that can create the required free radical sites onto which
monomer can be added up through the chain propagation step, resulting in the
formation of grafted chains. However, the agent should not rupture the structural
integrity of the preformed polymer chain [76, 77]. Bioflocculants of plant origin
have been successfully synthesized through conventional redox,
microwave-initiated, and microwave-assisted grafting methods [62]. Figure 3.4
shows the synthesis of grafted copolymers of carboxymethyl starch (CMS),
tamarind kernel polysaccharide (TKP), and sodium alginate (SAG) with acrylamide
as a monomer by using a conventional, microwave-initiated, and
microwave-assisted method [62].

Grafted copolymers have been successfully synthesized through conventional
redox (or conventional free radical) grafting method using chemical free radical
initiators such as ceric ammonium nitrate (CAN) with nitrogen as the inert gas [78–
80]. Nonetheless, this grafting method has the drawback of undesired homopolymer
formation in the concurrent competing reaction, which decreases the copolymer
yield, contaminates the copolymeric product, and causes problems in the com-
mercialization of the grafting procedures [59, 62]. Also, the procedure for synthesis
is time-consuming as a result of prolonged Soxhlet extraction process involving
removal of all the homopolymer and unreacted substrates from the copolymer
surface [81]. Another drawback of the procedure is the requirement for an inert
atmosphere.

To circumvent the drawbacks of the conventional redox method of grafting,
synthesis of grafted copolymers using the microwave-based techniques such as a
chemical free radical initiator (microwave-assisted technique) or a non-chemical
free radical initiator (microwave-initiated technique) were developed [82]. These
have the potential to reduce the limitations placed on the synthesis of a wide range
of grafted modified polysaccharide materials. The advantages of microwave-based
technique over other conventionally used methods for free radical generation are
that the technique is reliable, easy to perform, and highly reproducible [62].
Grafted bioflocculants synthesized by either of the microwave techniques have
produced highly efficiently grafted copolymers with a higher percentage of grafting
compared to those synthesized by a conventional redox grafting method [83].
However, grafted copolymers synthesized by the microwave-assisted method
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Conventional method of Synthesis of Grafted Copolymer

Acrylamide solution
Inert atmosphere at N2 Graft copolymer

Polysaccharides
(CMS, TKP, SAG) Ceric Ammonium Nitrate (Reaction was terminated by 
saturated 
(in solution) 24 hours reaction time solution of hydroquinone,

precipitated in acetone, and dried)

occluded PAM is  
removed by solvent 
extraction with
formamide-acetic 

acid 
mixture (1:1)

Pure Grafted Copolymer
Microwave initiated method of Synthesis of Grafted Copolymer

Microwave irradiation = 900W
Polysaccharides + Acrylamide Grafted copolymer

Temperature < 700C (Reaction was terminated by 
saturated 

a solution of hydroquinone, 
precipitated in acetone and dried)

occluded PAM is 
removed by solvent 
extraction with
formamide-acetic 

acid 
the mixture (1:1)

Pure Grafted Copolymer
Microwave assisted method of Synthesis of Grafted Copolymer

Polysaccharides Microwave irradiation = 900W
+ Grafted copolymer

Acrylamide Temperature < 700C (Reaction was trerminated by 
saturated 

+ solution of hydroquinone, 
Garic Ammonium Nitrate precipitated in acetoene and dried)

(in solution)
occluded PAM is 
removed by solvent 
extraction with
formamide-acetic 

acid 
mixture (1:1)

Pure Grafted Copolymer

Fig. 3.4 Schematic diagram of methods of synthesis of grafted copolymers [62]
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presented superior flocculation characteristics over grafted copolymers synthesized
by microwave-initiated methods.

Despite the advantages displayed by grafted copolymers synthesized by
microwave technology, its application for wastewater treatment is not encouraging
because of the high cost of production involved. Again, most of the grafting pro-
cesses reported in the literature are carried out using domestic microwave ovens in
which the irradiation power is controlled by on/off cycles of the magnetron, which
does not allow sufficient control of the reaction temperature and pressure hence, not
safe. To subdue this shortcoming, domestic microwave ovens were modified but
not without their associated high cost, which leads to high cost of production of the
copolymers and the resultant limitation to their application in developing countries
[62].

3.5 Performance Evaluation of Modified and Unmodified
Polysaccharides

3.5.1 Performance Evaluation of Chitosan-based
Flocculants

Table 3.6 presents the flocculation performance of different chitosan-based floc-
culants on the laboratory and pilot scale studies

Novel, amphoteric, chemically bonded composite flocculant CMC-g-PAM has
been synthesized through graft copolymerization and etherification/amination
reactions [68]. It has been successfully employed in the removal of an anionic
(Methyl Orange) and a cationic (Basic Bright Yellow) dyes in water. It was reported
that the introduction of excess PAM chains in CMC-g-PAM increased the optimal
flocculant dose; decreased the colour removal efficiency, and drastically reduced the
floc properties [68]. Though the PAM chains improved bridging and sweeping
effects, excess amounts of it screened the charges on the chitosan backbone, thus
reducing charge neutralization by CMC-g-PAM [68]. It is suggested that the
grafting ratio of PAM should be controlled to a suitable range. Moreover, one or
more different monomers can be used to prepare bi- or multi-graft chitosan
copolymer flocculants with different functionality [58]. Series of graft chitosan
flocculants have been synthesized using acrylamide and CMC as co-monomers and
CAN as the initiator. Graft chitosans containing more CMC groups had a better
flocculation performance, because of the increased number of positive charges and
greater charge neutralization effects [58]. These chitosan flocculants exhibit long
chain branches and rigid backbone, which may provide a more extended confor-
mation of the chitosan in solution and a higher effective charge density [58, 69].
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3.5.2 Performance Evaluation of Modified Chitosan-based
Flocculants

Chitosan-g-PAM is a non-ionic grafted chitosan flocculants commonly used for
wastewater treatment. Chitosan-g-PAM has been synthesized through reaction
initiated by gamma ray in acid-water solution. It has also been reported that acetic
acid concentration has a negligible effect on the synthesis while grafting ratio
increased with increasing total irradiation dose [67]. A lower irradiation dose rate
improved the grafting ratio at a fixed total irradiation dose, whereas a higher
monomer concentration resulted in a higher grafting ratio [58]. Chitosan-g-PAM
has higher flocculation efficiency than chitosan alone when they were employed in
the flocculation of kaolin suspensions under alkaline conditions [67].

3.5.3 Performance Evaluation of Combined Flocculation
with Chitosan-based Flocculants as Coagulant Aids

Chitosan-based flocculants have been applied as coagulant aids in water and
wastewater treatment by combining them with other materials such as PAC,
Al2(SO4)3, FeCl3, montmorillonite and soils [58, 70–73]. The synergy established
through this combination has been found to improve flocculation efficiency of the
combined flocculants; cost is also reduced. The applications of direct flocculation
using only polymeric flocculants have been limited to organic-based wastewater
with high concentration of suspended and colloidal solids; such as food, paper and
pulp, and textile effluents [58, 70]. Thus, combined flocculation process is widely
employed by most industries [58]. Flocculation performance of chitosan when used
as a coagulant and as a coagulant aid of Al2(SO4)3 has been investigated. The latter
has higher performance over the former in the treatment of turbidity in a dam [74].
Chitosan has also been used alone and as a coagulant aid of montmorillonite in the
chitosan-montmorillonite system to remove metal ions in a coagulation-flocculation
process [75].

3.5.4 Performance Evaluation of Unmodified
Bioflocculants In Industrial Wastewater Treatment

Solvent extraction and precipitation methods as well as drying and grinding
methods were used for the preparation of bioflocculants from okra [32–37], psyl-
lium [38], tamarind [4], and fenugreek [37, 39, 40], isabgol [28] mallow [1]. It was
discovered that the bioflocculants obtained were used as a flocculant in the treat-
ment of landfill leachate with a direct flocculation process, they had a lower
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removal efficiency of COD, colour, and suspended solids (SS) at 17, 27, and 41%,
respectively [76]. However, the bioflocculants were found to be more effective
when a coagulant was added before the addition of bioflocculant [76]. Conversely,
the bioflocculants that are prepared by solvent extraction and precipitation dis-
played excellent flocculating ability in the treatment of wastewater with a direct
flocculation process for which no coagulant and pH adjustment were required [76].
This finding indicated that the extraction step is closely related to flocculating
efficiency and plays the major role in the extraction of the active constituents with
high flocculating activity from the plant materials [76]. With these findings, it
becomes necessary that the relationship between extraction and flocculation be
investigated to evaluate the extraction parameters that may degrade the flocculating
efficiency of the bioflocculants. This will allow for the optimization of the
extraction conditions that favour the production of the most effective bioflocculants
that are comparable to commercial flocculants regarding flocculating efficiency and
cost effectiveness.

3.5.4.1 Performance Evaluation of Unmodified Bioflocculants

Applications of natural flocculants to industrial wastewater treatment are currently
limited to only academic research. Some bioflocculants are effective in low con-
centrations and comparable to synthetic flocculants in terms of flocculation effi-
ciency. Fenugreek and okra mucilage were proven to be as effective as a
commercial flocculant (polyacrylamide) in the treatment of tannery effluent and
sewage wastewater [33, 40]. As reported in the previous section, bioflocculants
obtained with drying and grinding exhibit lower flocculating efficiency.

Some bioflocculants, for example, Isabgol husk, ground mallow and okra pre-
pared by drying and grinding method were effective as a coagulant aid when grafted
onto the backbones of poly(aluminium chloride) (PACl) or aluminium sulphate for
the treatment of landfill leachate and removal of turbidity from kaolin suspension
[1]. However, when these flocculants were prepared by solvent extraction and
precipitation they displayed remarkable flocculating performance. The high
removal efficiency of solids either in suspended (SS) or dissolved forms (TDS),
dye, turbidity, and the colour was achieved by using a low concentration of the
bioflocculant dosage. Tamarindus indica (Tamarind), a bioflocculant, was reported
to be an effective flocculant for the removal of vat (golden yellow) and direct (direct
fast scarlet) dyes from textile wastewater [76]. The suitable pH range for the
maximum flocculating efficiency of the bioflocculants was neutral. However,
depending on the type and characteristics of treated wastewater, some biofloccu-
lants are effective at acidic or alkali medium.

The major hinderance to the development and application of bioflocculants in
the industry are (i) sensitivity of bioproducts to preparation process, (ii) fast
degradation with time, and (iii) moderate flocculating efficiency. Also, various
methods of preparation of bioflocculants may affect their functional properties.
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Furthermore, factors such as chemical composition and molecular structure of
hydrocolloids often depend on the source and extraction methods. This is because
they are susceptible to microbial attack and thus, reduced shelf-life due to high
water activity and the composition of the flocculant. Also, biodegradability property
of bioflocculants may cause flocs to rise, thus reducing the efficiency of the
bioflocculants. Drying of biopolymers will improve the shelf-life of the biopoly-
mer and enhance its flocculating efficiency [76].

3.5.4.2 Performance Evaluation of Modified Bioflocculants

Grafted bioflocculants of various compositions have been successfully synthesized
and employed in the treatment of various types of wastewaters or effluents, leading
to a reduction in environmental contaminants such as solids, turbidity, dyes, and
COD. Synthetic polymers such as polyacrylamide, polyacrylonitrile, poly-
methacrylic acid and poly (methyl methacrylate) have been employed in the syn-
thesis of grafted copolymers that have high flocculation efficiency than ungrafted
polymers.

It has been reported that Plantago psyllium mucilage grafted polyacrylamide
(Psy-g-PAM) copolymer exhibits higher flocculation efficiency than pure
P. psyllium mucilage in the treatment of tannery and domestic wastewater [77].
Also, polyacrylamide grafted Tamarindus indica mucilage (Tam-g-PAM) exhibited
higher flocculation efficiency than the pure T. indica mucilage for removal of
various types of dyes from model textile wastewater containing azo, basic, and
reactive dyes [80, 82]. In a related study, polyacrylamide grafted tamarind kernel
polysaccharide (TKP-g-PAM) synthesized by microwave- assisted grafting method
exhibited higher efficiency than pure TKP and polyacrylamide-based commercial
flocculant (Rishfloc 226 LV) in flocculation tests [80, 82].

3.6 Conclusions

Increasing demand for environment-friendly and cleaner technologies in industries
has paved way for the utilization of natural flocculants (polysaccharides) for the
removal of contaminants to sustain contaminant-free environmental technology.
These bioflocculants are nontoxic, biodegradable and can be obtained from
renewable resources. They have displayed promising potentials as
coagulants/flocculants with a high removal efficiency of solids, turbidity, colour,
and dye in water. However, the development and subsequent application of the
coagulants/flocculants are limited due to the variation of flocculating efficiency, fast
degradation, and high production cost. Chemical modification of polysaccharides
has overshadowed some the limitations and enhanced their flocculating character-
istics. The synergistic effects on the synthesized modified flocculants have essen-
tially combined the best properties of both natural and synthetic polymers and thus
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improved their flocculating performance. However, the shortcomings militating
against modified flocculants are the complexity of the synthesis process, environ-
mental safety issues, safety concerns of modification processes, extent of
biodegradability, and high production cost.
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Chapter 4
Progress and Prospects of Polysaccharide
Composites as Adsorbents for Water
and Wastewater Treatment

4.1 Progress in Preparation of Polysaccharide-based
Adsorbents

There are several studies reported in many scientific literature on the preparation of
adsorbents from polysaccharides for the purpose of treating water. The use of
natural polysaccharides for removal of dye molecules from water have been well
studied and reported [1]. There are, therefore, several reported procedures for
synthesis polysaccharide-based adsorbents.

4.1.1 Crosslinked Polysaccharides

The two most important factors controlling the extent of adsorption properties of
a polysaccharide-based material are the hydrophilicity of the polymer and its
crosslinking density [2]. Polysaccharides can be crosslinked by a reaction between the
hydroxyl or amino groups in the chains with a coupling agent to form water-insoluble
crosslinked networks [3–6]. Gels are formed when polysaccharides are crosslinked
and these gels are separated into two classes of physical [7] and chemical gels [8].
Chemical gels are formed from irreversible covalent linkages, while physical gels are
formed from various reversible linkages. Many researchers have carried out synthesis
of crosslinked polysaccharides materials using different coupling agent.

Jiang et al. [9] prepared an Insoluble b-cyclodextrin (b-CD) using epichloro-
hydrin (EPI) as crosslinking agent under basic conditions. Earlier, Yamasaki et al.
[10] prepared crosslinked insoluble b-CD polymer beads using hexamethylene
diisocyanate (HDI) as the crosslinking agent. Some reports have suggested con-
siderably more complex structures when EPI reacts with chitosan because the
crosslinking agent could also react with amino groups of chitosan chains [11].
Recently, Mittal et al. [12] carried out graft copolymerization on Gum
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polysaccharides to produce hydrogels as adsorbents for wastewater purification.
Nuclear Magnetic Resonance (NMR) relaxation study has shown that crosslinking
of polysaccharides is not homogeneous and increasing the crosslinking degree in
polysaccharide-based adsorbents increases the amorphous content of the product
formed [13].

However, cross linked polymers can be obtained in homogeneous or heteroge-
neous conditions by using reticulation with bi- or poly-functional crosslinking
agents such as epichlorohydrin [14–17], ethylene glycol diglycidyl ether [18–20],
glutaraldehyde [21–24], benzoquinone [25], Maleic anhydride [26] or Isocyanates
[2, 27]. All these crosslinking agents (with the exception of Maleic anhydride), are
considered to be a hazardous environmental pollutant and potential carcinogens and
cytotoxins. So they are neither safe for human health nor environmentally friendly,
although they have the advantage that they do not eliminate the cationic amine
function of a natural polymer like chitosan, which is the major adsorption site for
pollutants during adsorption. Other water-soluble crosslinking agents have been
proposed, such as sodium trimetaphosphate [30], sodium tripolyphosphate [28]
calcium chloride [29], phosphorus oxychloride [30] or carboxylic acids [31].
Naturally, crosslinked materials possess several characteristic properties, and
advantages such as:

• Ease of preparation i.e. homogeneous crosslinked materials which are easy to
prepare with relatively inexpensive reagents and are available in a variety of
structures with a variety of properties, and also in various configurations [32].

• Being insoluble in acidic and alkaline mediums as well as organic solvents.
• Retention of properties i.e. after crosslinking, they maintain their properties,

fundamental characteristics (except the crystallinity) and strength in acidic and
basic solutions. Furthermore, the swelling behaviour of the beads in aqueous
solution can be optimized.

• Reduction of crystalline domains in the polysaccharide which can change the
crystalline nature of the raw polymer. This parameter does influence signifi-
cantly, the adsorption properties of the polymeric adsorbent because it does
control accessibility to adsorption sites. Crosslinked materials also have other
advantages such as faster kinetics, increased ease of operation and unusual
diffusion properties [33]. Due to the hydrophilic nature of their crosslinking
units, the adsorbent possesses a high ability to swell in water, and consequently,
their networks are sufficiently expanded to allow a fast diffusion process for the
uptake of the pollutants [32].

• Possibility of grafting functionalities on the polymer to suit desired
application. Even though crosslinked polysaccharides have good adsorption
properties, their adsorption capacities can be improved on by grafting various
functional groups onto the polymer network or the polymer backbone [32–35].

• After adsorption, the crosslinked materials can also be easily regenerated by
washing using a solvent or by solvent extraction as shown in Fig. 4.1.
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4.1.2 Polysaccharide Composites

Polysaccharide composites are formed from the immobilization of polysaccharides on
insoluble supports by coupling or grafting reactions to give hybrid or composite
materials. This method relies on the bonding of polysaccharides to a pre-existing
mineral or organic matrix via several spacer arms. Composite materials may combine
the physical and chemical properties of both inorganic and organic materials [3, 37–
48]. Understandably, from literature, different kinds of substances have been used to
form composites with polysaccharides, in particular with chitosan. These composites
include montmorillonite [49], polyurethane [50], activated clay [51], bentonite [52],
polyvinyl alcohol [53]. Chitosan composites have been proven to have better
adsorption capacity and resistance to acidic environment [54]. Thepreparation is found
to be simpler. Although Mittal et al. [36] have reviewed extensively on all types of
polysaccharides, yet chitosan appears to be themost preferred polysaccharide bymost
researchers perhaps because it is easily sourced and in sufficient quantity. The various
composites made from chitosan and how they are prepared are discussed below.

Chitosan/Clay composites

In preparing a chitosan/clay nanocomposite, the chitosan is dissolved by stirring in
acetic acid. Dispersed clay is then added to the dissolved chitosan slowly in the

Fig. 4.1 Use of Hydrogels as Adsorbents in water treatment reproduced from Mittal et al. [36]
Copyright © 2016 Wiley online Library
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appropriate ratio. The reaction mixture is then stirred for a period, centrifuged and
washed. Wang et al. [49] found that the molar ratio of chitosan to montmorillonite
could influence the chemical environment of the composite and hence its adsorption
properties. The increment in the molar ratio of chitosan in a chitosan-
montmorillonite composite increased its adsorption capacity of for Congo Red
dye in aqueous solution until the molar ratio exceeds 1:1 after which the adsorption
capacity remained almost constant.

Chitosan/Silica Composite

Composite chitosan-silica is obtained by the sol-gel method through the hydrolysis
of tetraethoxysilane in chitosan solution. Acidified tetraethoxysilane is added
dropwise to already prepared chitosan and stirred for 24 h using a magnetic stirrer.
This mixture is allowed to stand for 7 days after which the solution becomes
matured. The substance obtained is then dried at 60 °C [55].

Chitosan/activated clay composite

Chitosan/activated clay composite beads are prepared by mixing equal weights of
chitosan flakes with clay activated in acetic acid and agitated for ca. 10 min. This
mixture is dried in a vacuum oven for 3 h to remove air bubbles and then sprayed
dried into a neutralization solution containing 15% NaOH and 95% ethanol in a
volume ratio of 4:1. The composite beads formed are left standing for 1 d and
afterwards washed with deionized water [51]. It is observed that a 1:1 ratio of
activated clay to chitosan had a specific gravity of 1.0197 (g/cm3) while that for the
chitosan beads was 1.0055 (g/cm3). Based on specific gravity values, Chang and
Juang [51] concluded that the addition of activated clay could enhance the ability of
chitosan to agglomerate and improve the hardness of the beads formed based
on Stokes law. The hardness of the beads is necessary because it facilitates the
separation of the adsorbents from solution without swelling. In the adsorption
studies of Methylene blue dye and Reactive Red dye (RR222), chitosan composite
beads had a comparable adsorption capacity with chitosan beads [52, 53].
However, the advantage of the beads is its ability to withstand attrition when used
in a continuous flow mode to treat water.

Chitosan/polyurethane composite

Lee et al. [50] used polyurethane foam to prepare a composite with chitosan
according to the reaction scheme shown in Fig. 4.2.

The preparation of chitosan/polyurethane composites is different from other
methods. According to Lee et al. [50], at 0.25 wt% of glutaraldehyde concentration,
chitosan was found to be better immobilized on the polyurethane matrix foam. With
20% chitosan content in the composite, it is observed that there is well-developed
open-cell structures that enhances the accessibility of acid dyes into the composite
adsorbent [50, 56]. A comparison between neat polyurethane foams and chitosan/
polyurethane composites in the adsorption of acid dyes was made. It was observed
that the adsorption capacity of neat polyurethane was comparably lower. It was
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suggested that the amine groups in the neat polyurethane do not behave as an active
site for the adsorption of the dyes [50].

Chitosan/cotton composite

In the preparation of the chitosan/cotton composite beads, cotton fiber is treated
with sodium periodate (NaIO4) before being added to the chitosan solution.
Oxidation of carbohydrates by periodate ion (glycon cleavage) was for a long time,
a classical method used for structure determination of complex carbohydrates. In
later years, it seems more or less abandoned as more efficient methods were
developed [57]. Periodates have been used to introduce dialdehydes to polysac-
charides or glycoproteins [57]. Ethylene glycol is added to the solution after the
cotton fiber is treated with sodium periodate to terminate the reaction [58].

Fig. 4.2 Polyurethane/Chitosan composites prepared via crosslinking using glutaraldehyde.
Reproduced from Lee et al. [50]
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Chitosan/sand composite

Chitosan/sand composite is prepared by mixing chitosan and sand (1:20% wt/wt) in
5% HCl for 5 h at room temperature. The resulting mixture is then neutralized with
1 M NaOH added to the mixture in a dropwise manner. Chitosan/sand composite
precipitate is thenwashed and dried in a vacuumoven [15]. This composite has shown
better adsorption capacity than any of its individual component used due to the three-
dimensional structure of the composite adsorbent. Amine groups in chitosan provide
active sites for the formation of complexes with metallic ions, which are stabilized by
coordination. As the amount of acetyl groups in the structure increases, the maximum
adsorption capacity for heavy metals removal from aqueous solution decreases [15].
In a recent work to improve the mechanical and chemical stability of chitosan/sand
composite, chitosan was coated onto the sand (CCS) and cross-linked using
Epichlorohydrin (ECH) and ethylene glycol diglycidyl ether (EGDE) [20].

Chitosan/cellulose composites

Cellulose is a polydisperse linear homopolymer consisting of regio-enantioselective
b-1,4 glycosidic linked D-glucose units. The polymer contains three reactive
hydroxyl groups at C-2, C-3 and C-6 atoms which are accessible to typical con-
versions [59]. Three hydroxyl groups in each b-D-glucopyranose units can interact
with one another forming Intra- and intermolecular hydrogen bonds that gives rise
to various types of supra-molecular semicrystalline structures [60]. The crystalline
and also hydrogen bonding patterns have a strong influence on the chemical
behaviour of cellulose. A consequence of this is the insolubility of macromolecule
in water as well as in common organic liquids. This insolubility has stimulated the
search for solvents appropriate for homogeneous phase reactions which still use
alternative synthesis paths [59]. Modification of cellulose can be achieved through
esterification [61, 62], halogenation [63], oxidation [64] and etherification [65].
However, there are some reports on the use of cellulose immobilized on chitosan to
form chitosan–cellulose composite beads. Sun et al. [66] used an ionic liq-
uid, 1-butyl-3-methylimidazolium, instead of acetic acid as the solvent for disso-
lution purpose. Ionic liquids (ILs) have recently received much attention as green
solvents and are promising replacements for the traditional volatile organic solvents
due to their characteristics such as non-volatility, nonflammability, thermal stability
and ease of recycling [67, 68].

4.1.3 Nanoporous Polysaccharide Composites

The adsorption of different pollutants such as heavy metal ions and dyes from the
contaminated water using nanocomposites has attracted significant attention due to
their characteristic properties such as small size, large surface area, the absence of
internal diffusion resistance, and high surface area-to-volume ratio. Mesoporous
silica–cellulose hybrid composites were prepared by surface sol–gel coating process
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on natural cellulose substance [69]. The template, cetyltrimethylammonium bro-
mide (CTAB) in the silica film can be removed by extraction to obtain high specific
surface area (80.7 m2 g−1), which is two orders of magnitude greater than that of
raw cellulose [69]. A novel micro/nanoporous superabsorbent hydrogel was syn-
thesized by Soleyman et al. [70]. The authors developed a polysaccharide/protein
based porous hydrogel by hydrolysis after the preparation of the hydrogels which
involved free radical graft copolymerization of a combination of Salep, gelatin and
acrylamide (AAm) in the presence of a crosslinking agent, N,N′- methylene
bisacrylamide (MBA).

In the area of nanofibers, the conventional method of preparing nanoparticles
from ultrafine polysaccharide nanofibers, such as cellulose nanofibers, includes the
use of a strong acid or alkali pretreatment to remove pectin, hemicelluloses, and
lignin, followed by a cryo-crushing defibrillation step. The usage of corrosive
acids/alkali and special devices for defibrillation severely affects the practical value
of this method for large-scale production [71]. However, a new method has been
suggested, which involves the use of oxidation to treat polysaccharide
pulps/powders with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)/NaBr/NaClO
in aqueous solution at ambient temperatures [72]. By way of making progress, this
kind of ultrafine, (UF) polysaccharide nanofiber composite can be prepared from
several sources including bleached wood pulp, microcrystalline R-cellulose from
high-quality wood pulp, and chitin powders from crab shells, using the
TEMPO/NaBr/NaClO method [73]. The unique properties of polysaccharide
nanofibers, such as high crystallinity, high thermal stability, and high potential for
functional modifications provide promise for the development of high flux UF
membranes for energy-saving water purification process. Nanomaterials, in par-
ticular, nanocomposites, have a wide array of application including wastewater
treatment.

4.2 Treatment of Water and Wastewater

4.2.1 Pollutant Removal

Water is major natural resource of planet earth; the volume of its consumption
in the world amounts to billions of cubic meters per year [74]. Therefore, there
is the need to consider its use and its protection including research directed
towards working out innovative methods and materials for water quality preser-
vation [75].

Water pollution due to toxic inorganic and organic compounds remains a serious
environmental and public challenge. Moreover, with more and more stringent
regulations, water pollution has also become a major source of concern and a

4.1 Progress in Preparation of Polysaccharide-based Adsorbents 71



priority for most industrial sectors. Heavy metal ions, aromatic compounds (in-
cluding phenolic derivatives, and polycyclic aromatic compounds) and dyes are
present in the environment as a result of their extensive industrial uses. They are
common contaminants in wastewater, and many of them are known to be toxic or
carcinogenic. For example, chromium (VI) is found to be toxic to bacteria, plants,
animals and humans [76]. Mercury and cadmium are known as two of the most
toxic metals that are very damaging to the environment [77]. Also, heavy metals are
not biodegradable and tend to accumulate in living organisms, causing various
diseases and disorders. Therefore, their presence in the environment, in particular in
water, should be controlled. Chlorinated phenols are also considered as priority
pollutants since they are harmful to organisms even at low concentrations. They
have been classified as hazardous pollutants because of their high malignant
potential with respect to human health [78]. For example, 2,4,6-trinitrotoluene
(TNT) is a nitro-aromatic molecule that has been widely used by the weapons
industry for the production of bombs and grenades. This compound is recalcitrant,
toxic and mutagenic to various organisms [79, 80]. Many synthetic dyes, which are
extensively used for textile dyeing, paper printing and as additives in petroleum
products are recalcitrant organic molecules that strongly colour waste water.

Strict legislation on the discharge of these toxic products makes it necessary to
develop various efficient technologies for the removal of pollutants from wastew-
ater. Different techniques and processes are currently used for the removal of
pollutants from wastewater. Some of these techniques include biological treatments
[81–83], membrane processes [84, 85] advanced oxidation processes [86–89],
electrochemical advanced oxidation processes [90], and adsorption procedures [91–
94]. However, adsorption technique is the most widely used for removing inorganic
and organic compounds from water and wastewater.

4.2.1.1 Inorganic Pollutants

Inorganic pollutants, salts and metals, can be naturally-occurring or can be from
urban stormwater runoff, industrial or domestic wastewater discharges, oil and gas
production, mining, or farming. Most inorganic chemicals polluting aquatic envi-
ronments are heavy metals, inorganic anions and radioactive materials. This pol-
lution could be caused by naturally occurring substances such as fluoride, arsenic
and boron; by industrial waste containing mercury, cadmium, chromium, cyanide
and others; by agricultural and domestic waste containing nitrogen compounds, and
from contamination by copper, iron, lead and zinc during the distribution of
drinking water using lead and zinc pipes. Naturally occurring inorganic substances
mainly contaminate groundwater, whereas industrial and agricultural waste con-
taminates surface water such as rivers, lakes and ponds. The primary source of
contamination in drinking water is the distribution system [95].

To mitigate the levels of these pollutants in water several polysaccharide com-
posites have been used. Chitosan/cotton composites has been used to adsorb Hg2+

[96], Pb2+, Ni2+, Cd2+, Cu2+ [97] and Au3+ [98]. Chitosan/Montmorillonite was
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prepared to remove As3+ [99] and Cu2+ [100]. This chitosan/sand composite
crosslinked with CCS-EGDE was used to adsorb Cu2+ [20].

Glutaraldehyde-crosslinked chitosan beads was used for the adsorptive separa-
tion of Au3+ and Pd2+ [101]; cross-linked chitosan-poly (aspartic acid) chelating
resin containing disulfide bond for the adsorption of Pb2+ and Hg2+ [102]; and
magnetic carboxymethylchitosan nanoparticles for adsorption of Pb2+, Cu2+, Zn2+

[103], chitosan modified zeolite for the removal of ammonium and phosphate [104]
to mention but a few.

4.2.1.2 Organic Pollutants

Organic pollution is the term used when large quantities of organic compounds are
present in a system. It originates from domestic sewage, urban run-off, industrial
effluents and agriculture wastewater, sewage treatment plants and industries
including food processing, pulp and paper making, agriculture and aquacul-
ture industries. During the decomposition process of organic pollutants, the dis-
solved oxygen in the receiving water may be consumed at a greater rate than it can
be replenished, causing oxygen depletion and having severe consequences for the
stream biota. Wastewater with organic pollutants contains large quantities of sus-
pended solids which reduce the light available to photosynthetic organisms and, on
settling out, alter the characteristics of the river bed, rendering it an unsuitable
habitat for many invertebrates.

Organic pollutants also include pesticides, fertilizers, hydrocarbons, phenols,
plasticizers, biphenyls, detergents, oils, greases, pharmaceuticals, proteins and
carbohydrates [105, 106]. Toxic organic pollutants cause several environmental
problems and health issues. The most common organic pollutants are the persistent
organic pollutants (POPs). POPs are compounds of high concern due to their
toxicity, persistence, long-range transportability [107] and bioaccumulation in
animals [108]. POPs are carbon-based chemical compounds and a mixture of
twelve pollutants that include industrial chemicals such as polychlorinated biphe-
nyls (PCBs), polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), and
some organochlorine pesticides (OCPs), such as hexachlorobenzene (HCB) or
dichloro-diphenyl-trichloroethane (DDT), dibenzo-p-dioxins (dioxins) and
dibenzo-p-furans (furans) [109]. PCDD/Fs are released into the environment as
by-products of several processes, like waste incineration or metal production [110].
Many of these compounds are still being used in large quantities especially in the
developing countries. Due to their environmental persistence, they have the ability
to bioaccumulate and biomagnify [111] leading to health issues in man.

Polysaccharide-based adsorbents have been used to remove organics from
aqueous solution mainly dyes. Chitosan-glutaraldehyde copolymer was used to
adsorb phenol from solution [112], organo-arsenical [113], and para-nitrophenol
[114]. Magnetic chitosan was used for the adsorption of Diclofenac and Chlofibric
acid [58]; b-cyclodextrin/cross-linked chitosan for adsorption of phenols [115];
chitosan grafted with sulfuric acid for adsorption of Pramipexole [116]; Graphite
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oxide/Carboxyl-grafted chitosan for Dorzolamide [117]; amphoteric cellulose for
adsorption of anionic dyes [118]; epichlorohydrin cross-linked maize- and
corn-derived starches for the adsorption of para-nitrophenol [47]; and magnetic
chitosan functionalized with graphite oxide for adsorption of reactive black 5 dye
[46]. Figure 4.3 shows the mechanism of synthesis of graphite oxide/magnetic
chitosan composite (GO-Chm) after functionalization of magnetic chitosan
(Chm) with graphite oxide (GO). The proposed interactions of the Reactive Black 5
(RB5) with the prepared GO-Chm is also shown in Fig. 4.3.

4.2.2 Adsorption Mechanism

The deposition of a particular component on the surface or at the interface between two
phases is known as adsorption. Adsorption is a surface phenomenon. In this process,
there are two components one of which is the adsorbent-the solid surface and the
compound (pollutant) that sticks or gets attached to the solid surfacewhich is called the
adsorbate. The adsorption capacity of the adsorbent may be altered with change in
solution temperature, nature and concentration of pollutants, presence of other pollu-
tants and other experimental conditions such as pH, contact time and particle size of the
adsorbent. The presence of suspended particles, oil and grease also affect the efficiency
of the process. Therefore, prefiltration is sometimes required. When an adsorbent
interacts with the polluted water, the pollutants adhere to the surface of the adsorbent
and equilibrium is established. The first major challenge in adsorption research is to
select the most promising type of adsorbent from a vast pool of readily available
materials. Thenext real challenge is to identify the adsorptionmechanism(s). Ingeneral,
there are three steps required for pollutant adsorption onto the solid adsorbent:

(i) The transport of the pollutant from the bulk solution to the adsorbent surface;
(ii) Adsorption on the particle surface; and
(iii) Transport within the adsorbent particle.

Adsorption studies, in particular, kinetics and isotherm studies provide information
on the mechanism of adsorption which attempts to explain how the pollutant is
bound onto or within the adsorbent. This knowledge is essential for understanding
the adsorption process and for selecting the desorption strategy. Due to the com-
plexity of materials used and their specific characteristics (such as the presence of
complexing chemical groups, small surface area, and poor porosity), the adsorption
mechanism of polysaccharide-based adsorbents is different from those of other
conventional adsorbents. These mechanisms are, in general, complicated because
they sometimes involve several chemical and physical interactions simultaneously
[41, 119]. Also, a wide range of chemical structures, pH, salt concentrations and the
presence of ligands often add to the complication. Some of the reported interactions
include Ion-exchange, complexation, coordination/chelation, electrostatic interac-
tions, acid–base interactions, hydrogen bonding, hydrophobic interactions, physical
adsorption and precipitation.
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Fig. 4.3 Proposed mechanism of synthesis of graphite oxide/magnetic chitosan composite
(GO-Chm) after functionalization of magnetic chitosan (Chm) onto graphite oxide (GO). Proposed
interactions of the Reactive Black 5 (RB5) adsorption onto the prepared GO-Chm. Reproduced
from Travlou et al. [46], Copyright © 2013 American Chemical Society
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An examination of data in the literature indicates that it is possible that at least
some of these mechanisms are to varying degrees acting simultaneously depending
on the chemical composition of the adsorbent, the nature of the pollutant and the
solution environment. The removal of metal species or dyes from aqueous solution
using chitosan is strongly dependent on pH [22, 119, 120] which may thus involve
two different mechanisms (chelation versus ion exchange) depending on the pH
since this parameter may affect the protonation of the macromolecule [120]. It is
well known that chitosan is characterized by its high percentage of nitrogen, present
in the form of amine groups that are responsible for metal ion binding through
chelation mechanisms. Amine sites are the main reactive groups for metal ions
although hydroxyl groups, especially at C-3 position, may contribute to adsorption
[119, 120]. However, chitosan is also a cationic polymer, and its pKa ranges from
6.2 to 7.0 depending on the deacetylation degree and the ionization extent of the
polymer [34]. Thus, in acidic solutions, it is protonated and possesses electrostatic
properties. It is therefore also possible to adsorb metal ions through anion exchange
mechanisms [22, 119]. Although several contradictory mechanisms have been
proposed, metal adsorption on chitin and chitosan derivatives is now assumed to
occur through several single or mixed interactions including

(i) chelation interaction (coordination) on amino groups in a pendant fashion or
in combination with vicinal hydroxyl groups,

(ii) complexation phenomena (electrostatic attraction) in acidic media,
(iii) ion-exchange with protonated amino groups through proton exchange or

anion exchange, the counter ion being exchanged with the metal anion [34,
119]. Physical adsorption plays little role in the interaction between cross-
linked chitosan beads and pollutants because beads have a small surface area.

The pH may also affect the speciation of metal ions, changing the speciation of the
metal resulting in a change from chelation mechanism to electrostatic attraction
mechanism. Another parameter that can play a major role in the mechanism is the
presence of ligands grafted on the chitosan chains. For crosslinked starch materials,
physical adsorption in the polymer structure and chemisorption of the pollutant via
hydrogen bonding, acid–base interactions, complexation, and ion exchange are both
involved in the adsorption process [16, 121]. In most cases, though a combination
of these interactions was proposed to explain adsorption mechanisms, the efficiency
and the selectivity of these adsorbents are mainly attributed to their chemical net-
work. When the materials, for example, contain cyclodextrin (CD) molecules, the
mechanism is due to the formation of an inclusion complex between the CD
molecule and the pollutant through host–guest interactions. It has also been
reported that the presence of pollutant–pollutant hydrophobic interactions can also
be used to explain the adsorption process [16, 122].

Adsorption mechanisms with polysaccharide-based adsorbents are even more
complex, since not only does the polysaccharide play a role in the adsorption but
also the other components of the adsorbents. However, recent studies have indi-
cated that, in general, a given pollutant-binding mechanism may be explained by its
interaction with a component of the composite matrix. For example, in the grafted
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or coated silica-based sorbents containing biopolymers, the formation of interac-
tions between the polymer and the pollutant mainly explain the mechanism
although the mineral matrix may contribute to the adsorption [123, 124]. Crini et al.
[37, 125] demonstrated that in the case of organic beads containing amine func-
tional groups grafted by cyclodextrins used as adsorbents, the adsorption mecha-
nism is due to the formation of an inclusion complex between the cyclodextrin
molecules and the pollutant through host–guest interactions. However, even though
the cyclodextrins play a dominant role, physical adsorption in the resin polymer
network and chemical interactions via acid–base interactions, ion exchange and
hydrogen bonding due to the amino groups are also involved in the adsorption
process. These interactions are significant. The authors also showed that the
adsorption is strongly dependent on pH. The nature of the bonds between pollutants
and these adsorbents’ surfaces depends on the extent of the acid–base interactions.
For weak acid–base interactions, only hydrogen bonds may be formed. For strong
acid–base interactions, the interactions may gradually change to a chemical com-
plexation. The presence of co-existing interactions between the pollutants and the
sorbent matrix should be taken into account for the regeneration of the loaded
adsorbent.With chitosan modified zeolite it is suggested that the negative charge in
the internal pores of the zeolite, the oxides of CaO, Al2O3 and Fe2O3 in the
non-zeolite fraction, and the monolayer chitosan on the external surface of the
zeolite are involved in the retention of cationic ammonium, anionic phosphate, and
organic humic acid, respectively on its surface [104].

4.2.3 Regeneration Techniques

The regeneration of the sorbent is vital in keeping the process costs down and to
open up the possibility of recovering the pollutant extracted from the solution. For
this purpose, it is desirable to desorb the adsorbed pollutants and to regenerate the
material for use in several cycles of application. The desorption of the process is
expected to yield the pollutants in their concentrated form and restore the adsorbent
close to its original condition for efficient reuse with undiminished pollutant uptake
efficiency and no physical change or damage to the adsorbent material. Given the
developments of the various kinds of adsorbents described in literature, the stability
of the materials under adsorption process conditions and the reproducibility of the
adsorption properties of the adsorbent is of utmost importance.

There are reviews on regenerating inorganic and organic pollutant loaded on
various types of adsorbents [126, 127]. Unfortunately, there is the dearth of
information on the regeneration of spent polysaccharide-based adsorbents, their
stability, and reproducibility. However, there are a few report on the regeneration of
polysaccharide-based adsorbents by some researchers. Crini [122] demonstrated the
reproducibility of the adsorption properties of cyclodextrin polymers used as
adsorbents for the removal of various dyes and the regeneration of the adsorbents
after saturation. Since the interactions between the pollutant and cyclodextrin are
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driven mainly by hydrophobic interactions, organic solvents are good candidates
for the regeneration of the material. As a result, the polymer adsorbents were easily
regenerated using ethanol as the washing solvent. The adsorption capacity value
remained unchanged after this treatment. This unchanged adsorption capacity was
as a result of the chemical stability of the crosslinked gels. Furthermore, Delval
et al. [16], showed that crosslinked starches loaded with dye molecules, were easily
regenerated using Soxhlet extraction with ethanol rather than with water, and the
adsorption capacity of the adsorbent in batch experiments remained constant. Kim
and Lim [26], reported that crosslinked-starch derivatives could be easily regen-
erated by washing with a weak acid solution.

Modified Magnetite nanoparticles were used and regenerated over five
cycles when loaded with Cu2+, Zn2+, and Pb2+ and its adsorption capacity was
not altered significantly [128]. Crosslinked chitosan beads and Magnetic
Carboxymethylchitosan Nanoparticles were easily regenerated using EDTA (a
potent chelating agent) solutions [129]. The free electron doublet of nitrogen on
amine groups is known to be responsible for the adsorption of metal cations on
chitosan derivatives and the adsorption usually, occurs at a pH close to neutral. The
complexation of the pollutant by the EDTA ligands displaces the pollutant from the
material.

Regeneration could also be effected by contact with mildly strong acidic solu-
tion. This change in the pH of the solution reverses the adsorption because
adsorption by chelation mechanism is very sensible to pH as shown by Onditi et al.
[130] who used a 0.1 M HCl to desorb Pb2+ and Cd2+ from a polysaccharide extract
isolated from cactus pads. Cyclodextrin modified silica beads were reported to keep
a constant capacity towards the removal of phenolic compounds after several cycles
of adsorption and regeneration with methanol [123, 124].

However, the question of the long-term stability of these polysaccharide-
based adsorbents especially when exposed to various chemical environments, has
raised concerns for some time now depending on whether these adsorbents are pre-
pared by grafting or coating. In the former case, the main concern is the stability of the
covalent bond between the polysaccharide and the matrix. In spite of rather good
results regarding adsorption capacity, some stability problems were encountered with
polysaccharide grafted silicas especially when regenerated [124]. However, with the
coating method, polysaccharide-based adsorbent stability depends on the strength of
the interactions between the biopolymer and the silica surface. To increase the stability
and to avoid desorption of the biopolymer from the matrix, several researchers
have proposed a crosslinking reaction, after the coating of the polymer. Several
crosslinking agents are available including 4,4-methylene diphenyl diisocyanate
(MDI), hexamethylene 1,6 diisocyanate (HDI) and epichlorohydrin (EPI) [129, 130].
Mallard et al. [131] has proposed that in the the functionalization of zeolite Y
(Faujasite) with b-cyclodextrin (CD) for the removal of toluene and methyl orange
dye from aqueous solutions, a more efficient adsorbent is produced when an intial
grafting of the linker (3-glycidoxypropyltrimethoxysilane) is done on the b-CD
and then reacted with zeolite than grafting of the linker on zeolite and then reacting
with b-CD.
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4.2.4 Polysaccharide-based Adsorbents Versus Other
Adsorbents

Generally, a suitable adsorbent for adsorption processes of pollutants should meet
several requirements which inlcudes—(i) efficient for removal of a wide variety of
target (hydrophobic) pollutants (ii) high capacity and rate of adsorption (iii) sig-
nificant selectivity for adsorbate at different initial concentrations (iv) granular type
with good surface area (v) high physical strength (vi) able to be regenerated if
required (vii) tolerant for a broad range of wastewater parameters (viii) and low
cost.

Polysaccharide-based adsorbents for adsorption of pollutants from solution,
compared with other adsorbents, such as commercial activated carbons and syn-
thetic ion-exchange resins, offers several advantages:

1. Polysaccharide-based adsorbents are low-cost materials obtained from raw
natural resources. The majority of commercial polymers and ion-exchange
resins are derived from petroleum-based raw materials using chemical processes
that are not always safe and environmentally friendly.

2. The use of polysaccharide-based adsorbents is extremely cost-effective.
Crosslinked adsorbents are easy to prepare with relatively inexpensive reagents
(low operating cost). The amount of adsorbent used is, in general, reduced as
compared to conventional adsorbents since they are more efficient. Much
smaller quantities of biopolymer are needed to build the hybrid adsorbents.
However, activated carbon and synthetic ion exchange resins are quite expen-
sive, and the higher the quality, the greater the cost. Besides, crosslinking does
impact some level of strength on polysacchride-based adsorbent, reducing its
attrition ability.

3. Polysaccharide-based adsorbents are versatile. This versatility allows the
adsorbent their use under different forms, from insoluble beads to gels, sponges,
capsules, films, membranes or fibres which is not so with other types of
adsorbents. Polysaccharide-based adsorbents are available in a variety of
structures with a variety of properties. The utilization of cross-linked beads or
hybrid materials has many advantages regarding applicability in a broad range
of process configurations and reusability for repeated cycles of
adsorption-desorption [132]. Tuning the properties of the polysaccharide-based
adsorbent to meet certain application demands is very possible unlike with
activated carbon and resins.

4. Adsorbents based on polysaccharides are very efficient for the removal of
pollutants at different concentrations. They possess a high capacity and high rate
of adsorption, high efficiency, and selectivity in detoxifying both very dilute and
concentrated solutions. In general, activated carbon and synthetic resins suffer
from a lack of selectivity and applications are typically limited to levels of
contaminants in the parts per million (ppm) range. Biosorption on polysac-
charide derivatives, in particular, chitosan, is an emerging technology that
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attempts to overcome the selectivity disadvantage of the adsorption processes.
Chitosan beads are often more selective than traditional resins and can reduce
pollutant concentrations to ppb levels.

5. With repetitive functional groups, biopolymers provide excellent chelating and
complexing materials for a wide variety of pollutants including dyes, heavy
metals, and aromatic compounds. Moreover, even though polysaccharides and
their derivatives have high adsorption capacity in their natural state, their
adsorption capacity can be improved only by the substitution of various func-
tional groups onto the polymer backbone.

6. Cross-linked polysaccharide-based adsorbents, in particular, cyclodextrin
polymers, possess an amphiphilic character. It is precisely this nature of these
adsorbents that makes them so appealing since they are hydrophilic enough to
swell considerably in water allowing fast diffusion processes for the adsorbates,
while they possess highly hydrophobic sites, which efficiently trap non-polar
pollutants. Synthetic resins have a weak contact with aqueous solutions and their
modification and pretreatment by activation solvents are necessary for enhanced
water wettability. Activated carbons adsorb poorly some some non-polar
pollutants.

7. The regeneration step for pollutant-loaded polysaccharide-based adsorbents is
easy. The adsorbents can be regenerated by desorption at low cost if required.
They are easily regenerated by a washing solvent since the interaction between
the pollutant and sorbent is driven mainly by electrostatic, hydrophobic and
ion-exchange interactions. The desorption process produces the pollutant in a
concentrated form and restores the material close to the original condition for
efficient reuse with no physical–chemical changes or damage. The regeneration
of saturated carbon by the thermal and chemical procedure is known to be
expensive, and results in loss of the adsorbent and thus adsorption capacity of
the adsorbent via attrition.

Despite the number of papers published on natural adsorbents for pollutant
uptake from contaminated water, there is still very little literature containing a full
study of comparisons between adsorbents. In fact, the data obtained from the
biopolymer derivatives have not been compared systematically with commercial
activated carbons or synthetic ion-exchange resins, which showed high removal
efficiencies, except in recent publications. The results reported by Chiou et al. [17]
demonstrated that the adsorption capacities of cross-linked chitosan derivatives
toward anionic dyes are much higher (3–15 times) than commercial activated
carbons at the same pH. The beads exhibit excellent performance and appear to be
much more efficient and selective. Coughlin et al. [133] concluded that adsorption
on chitosan is competitive against precipitation techniques. Ngah and Isa [134]
found that adsorption capacities were significantly greater for chitosan in the
recovery of copper ions than commercial synthetic resin. Martel et al. [135]
demonstrated that the chitosan beads containing cyclodextrin are characterized by
both a rate of sorption and efficiency superior to that of the parent chitosan bead
without CD and crosslinking cyclodextrin–epichlorohydrin gels.
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However, it must be said here that the uptake capacity of two adsorbents for the
removal of pollutants from aqueous solution should be compared only at the same
equilibrium concentration of the adsorbate and/or similar reaction/process condi-
tions. The comparison of adsorption performance also depends on several other
parameters related to the effluent (competition between pollutants) and the ana-
lytical methods (batch method, column, dynamics tests, reactors) used for decon-
tamination tests [32, 136–139]. Thus, a direct comparison of data obtained using
different polysaccharide-based materials (as is common today) is not appropriate
since experimental conditions for their application in adsorption of pollutants,
existing in literature are not entirely the same. Also, due to the scarcity of consistent
cost information, price comparisons for the different polysaccharide-based adsor-
bents are also difficult to make.

4.3 Prospects and Challenges

There are, of course, challenges in using polysaccharide-based adsorbents in waste
water treatment. To identify these challenges will be useful for future research in
this area and will further hasten the utilization of these polysaccharide-based
adsorbents on a large scale. Some of the prospects and challenges to be encountered
with using polysaccharide-based adsorbents are summarized as follows:

1. The adsorption properties of an adsorbent depend on the different sources of raw
materials. The adsorption capacity of biopolymers like chitin and chitosan
materials depends on the origin of the polysaccharide, molecular weight and
solution properties, crystallinity, affinity for water, percent deacetylation and
amino group content [140]. These parameters, determined by the conditions
selected during the preparation [8], control the swelling and diffusion properties
of the polysaccharide and have a strong influence on its characteristics. These
problems can explain why it is difficult to apply polysaccharide-based adsor-
bents on an industrial-scale. It is also well-known that cyclodextrin possesses
well-defined geometry, and the adsorption capacity of this biopolymer will be
influenced not only by shape, size, and polarity of pollutants but also by the size
of the cyclodextrin cavity.

2. The extreme variability of industrial wastewater should be taken into account in
the design of any polysaccharide-based adsorbents. Each type of pollutant may
require specific polysaccharide-based adsorbents. Similarly, each polysaccha-
ride has its specific application as well as inherent advantages and disadvantages
in wastewater treatment. Chitosan-based adsorbents, for example, have high
affinities for heavy metal ions but low affinity for anionic dyes while
cyclodextrin has a remarkable capacity to form inclusion complexes with
organic molecules, especially aromatics, but low affinity for the metal ion.
Therefore, the choice of the adsorbent depends on the nature of the pollutant.
However, there is the possibility of developing a bifunctional
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polysaccharide-based adsorbents in the near future (with negative and positive
charges) that could adsorb, from a cocktail solution, both cationic and anionic
pollutants.

3. The performance of a polysaccharide-based adsorbent is dependent on the type
of material used, the extent of chemical activation and surface engineering or
modifications carried out. Based on the nature of the substituent on the adsor-
bent and the degree of substitution, the properties of the adsorbent can be varied
extensively. For grafted polymer materials, pollutant adsorption was found to be
dependent on the degree of attachment of the polyfunctional groups. In the case
of chitosan, the best method of achieving selective extraction is to use a metal
specific ligand. However, it has proved impossible to find specific ligands for
each metal ion. This remains a challenge for future research.

4. The efficiency of adsorption depends on physicochemical characteristics such as
porosity, specific surface area and particle size of the polysaccharide-based
adsorbent. Though these could be improved on if the polysaccharide-based
adsorbent is properly engineered. For example, chitosan has a very low specific
surface area between 2 and 30 m2 g−1. Glutaraldehyde cross-linked chitosan
beads [25], EPI–cyclodextrin gels [45] and EPI–starch beads [16] have specific
surface areas of ca. 60, 213 and 350 m2 g−1 respectively. However, most
commercial activated carbons have a specific area of the order of 800–
1500 m/g. Adsorption capacity increases with a decrease in the size of the
particle since the effective surface area is higher for the same mass of smaller
particles, and the time required to reach the equilibrium in an adsorption reac-
tion is significantly increased with increase in the size of adsorbent particles. To
improve on the surface area of polysaccharide-based adsorbents, there is need to
make them highly porous and thus selective for purification purposes.

5. Pollutant molecules have many different and complicated structures which is
one of the most important factors influencing adsorption. There is yet little
information in the literature on this topic. Further research is needed to establish
the relationships between pollutant structure and adsorbent at the molecular
level so as to determine the precise mechanism of adsorption of these pollutants
by polysaccharide-based adsorbents. This knowledge is essential for selecting
the desorption strategy.

6. The production of chitosan involves a chemical deacetylation process.
Commercial production of chitosan by deacetylation of crustacean chitin with
strong alkali appears to have limited potential for industrial acceptance because
of a significant amount of concentrated alkaline solution that is produced as
waste in the process which is not environmentally friendly. There is, therefore,
an urgent need to seek other sustainable and eco-friendly pathways of producing
chitosan which is one of the most important polysaccharides used for preparing
polysaccharide-based adsorbents.

7. With the increasing presence of pathogens in potable water, it will be valuable to
intensify efforts in improving the disinfection properties of polysaccharide-
based adsorbents as a sustainable but low-cost means of treating water. This will
reduce the mortality rate of children under five years of age in developing
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countries who are the most vulnerable to diseases resulting from ingestion of
pathogenic polluted water. The insertion of cheaper and less toxic biocidal
metals like Zn and Cu into the structure of this class of adsorbents can improve
its disinfection properties rather than the current use of more expensive and
more toxic metal like Ag. However, research should be carried out to investigate
any eventual release of these metals into treated water at even the parts per
billion (ppb) levels.

4.4 Conclusion

The use of polysaccharide-based adsorbents for water treatment is promising but
requires further research. With the abundance of some of these polysaccharides in
nature and their high adsorption capacities for the removal of pollutants from
aqueous solution in addition to their rapid kinetics with respect to uptake of pol-
lutants from aqueous solution, it will be interesting to see these adsorbents being
utilized on a large scale in the form of highly porous and/or highly charged
particles. Making them into membranes with less fouling ability will provide an
alternative path to the development of highly efficient membranes for water treat-
ment in the next decade. Research efforts in this direction will feed into the current
United Nations Sustainability agenda.
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Chapter 5
Tapping into Microbial Polysaccharides
for Water and Wastewater Purifications

5.1 Introduction

Wastewater treatment systems have contributed largely to the availability of water
as water reuse is greatly advocated globally. Wastewater treatment can be grouped
into three categories i.e. mechanical, aquatic, and terrestrial, and into three phases
i.e. primary, secondary and tertiary treatments. With these treatment systems, a
common problem of microbial clogging, slime bulking and biofouling characterized
by the prevalence of biofilms formed from exopolysaccharides (EPS) and other
polymeric substances have been identified. Polysaccharides can thus be utilized in
the efficient treatment of wastewater, by enhancing the water treatment processes
(Fig. 5.1).

Microbial polysaccharides are one of the vast ranges of extracellular biopoly-
mers produced by microorganisms through the utilization of simple to complex
substrates [1]. They show considerable diversity in their composition and structure.
In nature, they play crucial roles in maintaining the cell viability by conserving
genetic information, producing energy or reducing power, protecting microbes from
invasion and storing of carbon-based macromolecules [2]. The recent interest in
exploiting renewable sources as alternatives for synthetic chemicals has brought the
exploration of microbial polysaccharides and their full recommendation and usage
[3]. The reasons for this interest in microbial polysaccharides are that they are
non-toxic and biodegradable polymers found on the surfaces of microbial cells,
playing varying roles in the biological activities of the cell [4].

They are large molecular weight carbohydrates polymers with diverse biological
functions, which could exist as an attachment on the outer cell membrane as
lipopolysaccharides (LPS), a secretion with discrete surface layers (Capsular
polysaccharides) or as excretions which are loosely connected to the cell wall (ex-
opolysaccharides) [4, 5]. Of these three unique forms, the exopolysaccharides
(EPS) represent a multifunctional class, i.e. they are of higher biological functions.
Although with several functional roles, microbial polysaccharides still require
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chemical modification to be acceptable for full utilization. Their applications are quite
diverse ranging from agriculture, nanotechnology, biotechnology, health to cosmetic
industries, etc. [4]. Presently, their usefulness as biofilms in wastewater treatments
has been quite revealing with numerous studies exploring their uses in this regard.

Microbial polysaccharides secreted into the environment are referred to as
exopolysaccharides (EPS). These EPS could be classified based on the composition
of the monosaccharide present in them; while homo-polysaccharides have only one
type of monosaccharide present, hetero-polysaccharides have more than one type of
monosaccharide present [6].

Microbial polysaccharides have found direct usefulness in wastewater treat-
ments. Their usage as replacements for chemical coagulants in the coagulation-
flocculation procedure in water treatments have even become more relevant in
recent years due to the health and environmental challenges posed by chemical
coagulants [7]. Microbial polysaccharide usefulness has also been demonstrated in
biological filtration systems. Biofilms formed as a result of these polysaccharides
acts as bio-filters which are most suitable than other filtration systems in removing
organic contaminants. They are environmentally safe, offering little or no nega-
tive health implications.

5.2 General Applications of Microbial Polysaccharides

Microbial polysaccharides have found extensive usage in different spheres. They
have been employed in food industries with different functions such as utilizing
them as viscosifying agents, stabilizers, emulsifiers, gelling agents, or
water-binding agents in food [8]. Although lots of the EPS used in the food
industries are from the plant [8], microbial polysaccharides have been found to be

Fig. 5.1 Microbial polysaccharides and wastewater treatment
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very useful in this particular industry, due to their viscous nature even at low
concentrations and their pseudoplastic nature [9]. For instance, xantham which is
made from Xanthomonas campestris is useful as a food packaging material, as well
as a viscosifier, stabilizer, emulsifier and suspending agent in food industries. Also,
xylinan made from Acetobacter xylinum is used in the food industry as a viscosifier
and gelling agent while levan is used in the production of sweet confectionary and
Gellan as a stabilizer and suspending agents for foods [10, 11].

Bacteria hyaluronic acid (HA) has continually shown great usage in biomedical
applications. They are used in viscosurgery, serving as a replacer of eye fluid in
ophthalmic surgery [10, 11]. They are also used in cosmetic surgery (viscoaug-
mentation), synovial fluid replication (viscosupplementation), in wound healing
(viscoseparation), etc. Dextran, have been used to prepare plasma substitutes used
during blood loss [1]. Microbial polysaccharides have also been shown to possess
cholesterol-lowering abilities, hence their use as probiotics. Capsular polysaccha-
ride produced by gut bacteria promotes the ability of micriobial polysaccharides to
adhere to surfaces [12]. In a study by Tok and Aslim [13], it was shown that strains
of Lactobacillus delbrueckii producing high amount of EPS removed more
cholesterol from the experimental media, compared to those producing a lower
amount of EPS (Fig. 5.2).

Microbial polysaccharides have also been used as emulsifiers and biosurfactant
(which are heteropolysaccharides) with huge applications in bioremediation. Their
usage as these products is due to their low toxicity, biodegradable ability, pro-
duction from renewable sources and stability under extreme conditions [8, 14].
A study by Jain et al. [14] showed that biosurfactant produced by Cronobacter
sakazaki exhibited significant activity with oil (by enhancing their water solubility

Fig. 5.2 General applications of microbial polysaccharides
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and displacement from soil) [15] and hydrocarbon. Pseudoalteromonas sp. has
been reported to exhibit high emulsifying activity against different ranges of oil
products. Other bacteria known to produce biosurfactant include Pseudomonas
aeruginosa, Torulopsis bombicola, Bacillus subtilis and Candida [16, 17].

5.3 Microbial Polysaccharide in Water and Wastewater
Purification

Microbial polysaccharides biomasses are major resources in the purification of
wastewaters of different origins. Wastewater treatment is usually a very expensive
and time-consuming process. Microbial polysaccharides have shown that they
possess great ability in making this cumbersome process less time-consuming and
more efficient.

Biosorption is one of the major aspects microbial polysaccharides could be
applied in water and wastewater treatment. Biosorption involves the removal of
substances from solutions using microbial mass (chitin and polysaccharides being
their principal components). Metals such as chromium, arsenic, mercury, alu-
minium, lead, cadmium, are common water pollutants that pose serious health risk
to both humans and aquatic biota [18]. Hence, their removal from water and
wastewater is of immense importance. Although various methods have been
employed in removing heavy metals from water including chemical precipitation,
ion exchange, coagulation-flocculation, electro-wining, and electro-coagulation
[19, 20], biosorption has been used extensively for the removal of metals (in-
cluding heavy metals) during the treatment of water and wastewater.

In biosorption, microbial biomass use their chemical functionalities to concen-
trate these metals, making their removal easier. The biosorption process involves
sorption processes in which the metals are concentrated and accumulated in the
microbial biomass [21] and desorption processes which cater for the recovery of the
microbial biomass for reuse [22]. In biosorption, metal ions (which are positively
charged) could be absorbed by binding to microbial cell surfaces which are neg-
atively charged. This is because the prevalence of microbial polysaccharides in
microbial cell walls in the form of EPS, makes available abundant binding sites for
these metals [23]. Once this binding occurs in a series of processes which is unique
for different metals and microorganisms involved, the removal of the metals from
wastewater becomes a straight forward process. Advantages of using microbial
polysaccharides (biomass) in biosorption compared to other methods of removing
metals from water include; being growth independent, as non-living biomass are
not affected by toxicity [23], low cost, regeneration of biosorbent and high effi-
ciency [24], aseptic conditions are not required for its operation [20].

Textile industry wastewater remain one of the most difficult wastewater to treat not
just because of the prevalence of heavy metals and aromatic hydrocarbons, but also
due to the presence of large organic molecules called dyes. Adsorption is a crucial
water and wastewater treatment process. It has been shown to be an effective
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procedure in treating wastewaters of industrial origin. Adsorption has been referred to
as “one of the most promising decolourization techniques in dyeing wastewater
treatment” [25].Microbial polysaccharides (in the form of biomass) have been used as
good biosorbents in adsorbing dyes during wastewater treatment. Polysaccharide-
based materials are shown to possess numerous advantages in the removal of pollu-
tants from wastewaters [26]. In adsorption, biosorbents produced from microbial
polysaccharides acts as surfaces for the attachment of dyes and ions frommetals, after
accumulation before eventual removal. Adsorption works more like adhesion with
attractions usually in the form of van der Waals forces physisorption and/or
chemisorption. Dye removal from aqueous solution involves two processes of
adsorption and ion exchange, with its application employed for either dye removal
alone, or a combination of dye removal and water and wastewater treatment [25].

Another importance of microbial polysaccharides in wastewater treatment is in
bioaggregation. Bioaggregation is a major required characteristic of microbial
polysaccharides when utilized for wastewater treatment. This particular feature is
what influences the flocculability, settleability, and dewaterability for flocs and
sludge retention and shear resistance for biofilms [27].

Bioaccumulation is another process microbes are used in wastewater treatment.
In Bioaccumulation, microbes accumulate metals in their biomass effectively, thus
when this biomass are removed from the water a large proportion of the metal
which they accumulated in their biomass would have been removed along with it.
This is quite common with phosphate removing bacteria, generally referred to as
polyphosphate accumulating organisms, achieving phosphorus removal through
intracellular accumulation of their biomass [28].

5.4 Characterization of Microbial Polysaccharides
for Water and Wastewater Purification

Various microorganisms have shown their high efficiency in wastewater treatments.
Microbial polysaccharides are part of the complex EPS present in biofilms used in
wastewater treatment. Thus characterization of microbial polysaccharides and
biofilms is done to understand the structural diversity of these polysaccharides and
their applicability in different industries. It also improves our understanding of how
they bind to metals, act as adsorbents and possess other characteristics which they
exhibit in great proportion.

Microbial polysaccharides are a part of extracellular polymeric substances pro-
duced by microbes. These substances apart from polysaccharides contain proteins,
lipids, nucleic acids [29]. Thus characterization of microbial polysaccharides is done
after their production, extraction and isolation. Various methods have been employed
in the characterization of microbial polysaccharides. The standard but effective
methods include Thin Layer Chromatography (TLC), Gas Chromatography (GC),
Gas Chromatography Mass Spectrometry (GC-MS), High Performance Liquid
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Chromatography (HPLC). Kassim [30], was able to show that the constituents of
xanthan gum produced from Xanthomonas campestris consisted of glucose, glu-
couronic acid, mannose, acetic and pyruvic acids using thin layer chromatography.

Irrespective of the methods used in the characterization of microbial polysac-
charides, its efficiency depends on the amount of the polysaccharide available
which in turn is dependent on medium, culture production process and type of EPS.
Carbohydrate components of a culture media have been known to affect the pro-
duction of EPSs with necessarily influencing their chemical structures [31].

In the characterization of microbial polysaccharides, a necessary step is to first
determine the monosaccharide components of these polysaccharides [31], as the
overall characteristics and functional properties exhibited by these microbial
polysaccharides are mainly dependent on these individual components. These
processes are usually referred to as depolymerisation, and can be achieved using
acid hydrolysis as described by Madhuri and Prabhakar [6], were trifluoroacetic
acid (TFA), formic acid, sulphuric acid, or hydrochloric acid are used at 100 °C to
hydrolyze the glycosidic bonds between the monomer molecules

High Performance Liquid Chromatography (HPLC) with UV detector is one of
the most common analytical methods used for the characterization of microbial
polysaccharides; this is due to its ability to carry out both qualitative and quanti-
tative analysis of the polysaccharides. Several analytical methodologies have been
successfully established and used for microbial characterization [32–34]. Gas
Chromatography is another common tool used in the characterization of microbial
polysaccharides, due to its high accuracy.

More recently, specialized probe-based scanning technologies, have been
developed and used in the characterization of microbial polysaccharides. These
systems are usually faster, and more efficient. One of such system developed is the
Atomic Force Microscopy (AFM) which functions by measuring the force between
a probe and a sample, producing high-resolution images of the structure under
investigation [35]. Su et al. [36] used AFM to characterize polysaccharide capsules
from Zunongwangia profunda. Their study showed that AFM polysaccharide
capsules could be detected even in the presence of water covering capsule. Nuclear
magnetic resonance and nonmetric multidimensional scaling are other approaches
which have been used in the characterization of microbial polysaccharides [37].

5.5 Morphologic and Functional Properties of Microbial
Polysaccharides

Microbial polysaccharides are categorized morphologically into the three unique
forms aforementioned; Lipopolysaccharides (LPS), Capsular polysaccharides
(CPS) and Exopolysaccharides (EPS).
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5.5.1 Lipopolysaccharides (LPS)

Lipopolysaccharides are composed of moieties of macromolecules held together by
hydrophobic forces which are generated from non-polar lipids found in the inner
portion of the bilayers. The phospholipid bilayers also possess ionic interactions,
the divalent cations Ca2+ and Mg2+ with which LPS binds to the cell wall structure.
The chelating ionic interactions confer lateral stability on the outer membrane of the
cell. Ligands for bacterial attachment and resilience to phagocytosis are provided by
the O-specific polysaccharide region of the LPS [1]. The LPS functions as a per-
meability barrier, adhesins (adhesion receptors) for colonization, antigenic deter-
minants of a strain and they mediate the release of cellular components resulting
from metabolic components in biofilm formation. The structure of the LPS can
significantly influence water-binding capacity at the cell surface. LPS are common
features of Gram-negative bacteria.

5.5.2 Capsular Polysaccharides (CPS)

Capcular polysaccharides are an assembly of cohesive layers of polysaccharides
bound together by covalent bonds, found on the outermost covering of a microbe
[4]. They may often be highly immunogenic. They are also a common feature of
bacteria and can be likened to the envelope of fungi. CPS functions in the following
areas: aids the adherence of micriobial polysaccharides to surfaces, provides
resistance against invasion to the cell, serves as a deterrent to desiccation due to
their high affinity for water.

5.5.3 Exopolysaccharides (EPS)

Exopolysaccharides are the most diverse polysaccharides. They are synthesized and
secreted into the environment by the cell wall-anchored enzymes. EPS are high
molecular weight water-soluble polymers composed of sugar residues which may
be neutral (non-ionic) or acidic (possess ionized groups such as the carboxyl) in
nature [38]. EPS are composed of both hydrophobic and hydrophilic regions held
together by ionic forces in a matrix. Microbial exopolysaccharides can be divided
into two groups based on their monomeric composition: homo-polysaccharides and
hetero-polysaccharides [4, 39]. Homo-polysaccharides are composed of a single
monosaccharide unit while hetero-polysaccharides are composed of regularly
repeating units of two to eight monosaccharide units. Categorization of EPS is very
complex; hence further characterization factors such as the linkage bonds, nature of
the monomeric units and types of monomeric units, are applied in creating a dis-
tinction between groups of EPS. The linkage bonds between the monomeric units:
1,4-b- or 1,3-b-linkages and 1,2-a- or 1,6-a-linkages, confer strong rigidity or
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flexibility, respectively on EPS [1]. The major attributes that make EPS functionally
vast are biodegradability, biocompatibility, non-toxicity to humans and environ-
ment, edibility and rheological properties present [38]. In water, EPS due to their
unique solubility and rheological properties are capable of dispersing, thickening or
manipulating the viscosity effects, establishing its use in water and oil industries.
Other physiological properties exhibited by EPS constituting its use in wastewater
treatment include stabilization, synaeresis inhibition and suspension of particulates,
crystallization control, encapsulation and formation of biofilm [5]. Also of extreme
interest is the use of EPS as bioflocculants in water and wastewater treatment. Due
to the high level of detrimental effects (carcinogenicity, Alzheimer’s disease,
neurotoxicity) caused by the use of synthetic polymers such as aluminium salts of
the polyacrylamide derivatives as flocculants, there is need for an ecologically pure
and safe alternative which can be provided by microbial EPS [40].

Exopolysaccharides play a crucial role in the world of biofilm. They constitute
50–90% of biofilm aggregates, but they vary in quantity depending on chemical and
physical properties. They are involved in initiation of the adhesion process in
colonization of surfaces, aggregation and immobilization of cells which increases
the cell density of biofilm, water retention by the hydrophilic region, supplying
nutrients, protection against external disruptions, adsorption and absorption of
organic compounds and inorganic ions and storage of excess carbon used as energy
in biofilm formation [4, 41]. EPS are produced by bacteria and fungi, and they

Fig. 5.3 Examples of
commonly used
polysaccharides
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possess more stable and unique properties than Polysaccharides of algae and plants
which are also used commercially [38].

Examples of commercially explored microbial EPS are Xanthan, Curdlan,
Alginate, Cellulose, Dextran, Gellan, Hyaluronan, Levan, Pullulan, Scleroglucan,
Succinoglycan and Glucoronan. Although with interesting functionalities, the high
cost of production of microbial exopolysaccharides commercially is a constraint to
its mass usage. Their production is also subject to physical variables such as pH,
temperature and carbon source concentration [42] (Fig. 5.3).

5.6 Roles of Exopolysaccharides in Biofilm Formation

Microbial polysaccharides also known as biopolymers are self-generated extracel-
lular polymeric substances with diverse functional properties produced by
microbes. The most complex and versatile microbial polysaccharide is the
Exopolysaccharides (EPS), with vast functional properties and impact in fields such
as medical, pharmaceutical, bioremediation, water treatment and surgical applica-
tions. Examples include Xanthan, Glucan, Alginate, Curdlan and Gellan.

Biofilm refers to the communities of microorganisms embedded in a consortium
of extracellular polymeric substances which develop on or attach to surfaces of
animate or inanimate things. Biofilm formation serves as a prerequisite for the
prolonged survival of almost 90% of microorganisms [43].

Exopolysaccharides (EPS) are necessary for the attachment of bacteria to sur-
faces during the development of biofilms [44] and they are a necessary factor in the
colonization of bacteria on any surface. The biofilm matrix is composed of water,
up to 97% [45], which constitutes the liquid and viscous phase and also the
exopolysaccharides (50–60%) which confer mechanical stability on the viscoelastic
properties observed in biofilms [46].

Aside exopolysaccharides, biofilm also contains nucleic acids, lipids, proteins
and organic substances. Biofilms are said to be polymer gels with rheological
properties and high porosity [46], which develop on surfaces where the attachment
is possible, and there is an adequate flow of nutrients.

They can be found on medical devices, body tissues, aquatic and terrestrial
environments, potable and industrial water pipes [47]. The major role of biofilm to
microbial communities embedded within it is to protect them from environmental
stress and external interference such as antibiotics, chemicals, bacteriophage and
host immune responses. There is a difference in the behavior of microorganisms in
biofilm and their planktonic nature, and the transition from planktonic growth to
biofilm involves a multifaceted regulatory channel which sends signal for response
to environmental changes and also acquisition and expression of genes required to
mediate the reorganization of the microbial cells [48].

The roles of exopolysaccharides in biofilms involve; filling intracellular spaces
present between bacteria, allowing the formation of biofilm matrix, protecting the
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bacteria cell walls from attack, desiccation, surviving under extreme conditions,
adherence to surfaces, and increase in pathogenicity [49].

The formation of biofilm involves five phases:
In the first phase, a free-living microorganism attaches to a surface by van der

Waal’s forces. This phase is, however, reversible due to the weak attributes of van
der Waal’s forces. This progresses to the second phase in which the microbe
adheres more strongly to the surface through the use of appendages (such as pilus)
extending from the cell surface. The third phase exhibits the formation of the
biofilm through cell division of the attached cells and also the attraction of other
free-living microorganisms in the surrounding environments to the surface. The
fourth phase is characterized by the secretion of exopolysaccharides by the
microbial cells which forms a three-dimensional matrix. Lastly, the fifth phase
involves the dispersal of the biofilm after climax has been reached and the biofilm
can no longer hold together as a colony [50]. The most representative microbes in
biofilm formation are bacteria. Biofilms are very resilient in nature; they adjust to fit
into changes in environmental factors. Despite its negative significance in creating
medical problems of outright antibiotic resistance, its advantage in water and
wastewater treatment is undeniable due to its self-immobilizing, self-regenerating
and biocatalytic properties which aid in water decontamination [51].

Antibiofilms are substances with the capability to disperse or inhibit microbial
biofilms [52]. These substances can disrupt the activities of the bacterial cells and
their attachments [53]. A couple of antibiofilm strategies have been tested, estab-
lished and are in use. However, there is still continuous search for more ecologi-
cally pure and effective antibiofilm agents.

5.7 Microbial Biofilms in Water and Wastewater
Treatment: The Dual Action

The uniqueness of microbial biofilms comes into play in water and wastewater
treatment. They serve dual roles; negative and positive. Biofilms are present in
water piping systems as recalcitrant contaminants because the exopolysaccharides
present in the biofilm matrix constitute a permeability barrier against any toxic
compounds or solvents that could harm the cells within. They cause corrosion in
piping systems, clog pipes and are quite difficult to remove due to their high
adhesive properties [51]. Enteric pathogenic microorganisms such as Helicobacter
pylori may also be harboured by biofilms present in potable water distribution
systems [54].

In water and wastewater treatment, the viscoelastic, as well as the resistant
properties of biofilms, have been manipulated to be of advantageous use in oxi-
dation of organic compounds and nitrification of ammonium [55]. A study carried
out to test the effect of heavy metals on the planktonic and biofilm forms of
Pseudomonas aeruginosa using a rotator disk biofilm reactor showed that the latter
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is 600 times more resistant to heavy metal stress [56]. Hence biofilms are not prone
to environmental stress. Multi-species biofilms (biofilms containing different single
species) are industrially and environmentally important, and they are majorly used
in water and wastewater treatment. Studies have shown their effectiveness in
removing organic compounds and heavy metals (especially Ammonia) in
wastewater, hence preventing eutrophication which may arise from the deposition
of these heavy metals into the environment [55].

Wastewater treatment systems such as trickling filter, modified lagoon used in
the secondary treatment of waste employ biofilms in nutrient or waste removal. The
biofilms are formed through the utilization of the dissolved nutrients present in the
wastewater which consequently leads to the extrication of the nutrients [54]. The
functional roles of biofilms in water and wastewater treatment include the
following:

• Biofilms are capable of oxidizing organic constituents in wastewater, hence
reducing the total organic compound present.

• Certain nitrifying microorganisms are embedded in biofilms. These microor-
ganisms can oxidize ammonium to nitrite which is further oxidized to nitrates,
therefore reducing ammonium concentration in wastewater.

• Biofilms effectively reduce the Chemical Oxygen Demand (COD) and the
Biological Oxygen Demand (BOD). The reduction in the oxidizable matter in
water results in a decreased need for oxygen and a subsequent reduction in
COD.

• Biofilms also increase the level of nitrate in water through the oxidation of
ammonium. The nitrate generated is also adsorbed by the biofilms as nutrients
for active functioning.

Although the treatment of water and wastewater by biofilms could be less
speedy, it is very effective at oxidizing organic compounds and ammonium. It is
also relatively ecologically friendly. The advantages in the use of biofilms in
wastewater treatment include flexibility in operation, space minimization, reduced
hydraulic retention time, resilience to environmental stress, enhanced ability to
degrade recalcitrant compounds and lower sludge production due to a slower
microbial growth rate.

5.7.1 Antibiofilms in Water and Wastewater Treatment

A range of chemicals is used in removing biofilms from water and wastewater.
However, the effectiveness of these chemicals depends on the concentration, tem-
perature and pH of the water, the microbial load and the exposure time [57, 58].
Antibiofilms act in either of the following ways: removal of the biofilm matrix,
destroying the microorganisms or preventing the biofilm formation. The chemical
approach includes the use of chlorine, acids, sodium hypochlorite, phenolic, iodine
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complex and hydrogen peroxide [58]. The accumulation of the residues of these
toxic chemicals in water could cause health issues and allergies; hence an eco-
logically safe approach is urgently required.

In recent years, the use of biosurfactants has been encouraged in water treatment
as an eco-friendly approach and an alternative to complex conventional methods.
Biosurfactants are heterogenous amphiphilic compounds of microbial origin with
hydrophobic and hydrophilic regions secreted by microorganisms as a result of
metabolism [17]. The unique properties of biosurfactants include low toxicity,
biodegradability, surface and interfacial tension reduction, temperature and pH
tolerance, emulsifying and de-emulsifying properties, anti-adhesive properties as
well as antimicrobial properties. Biosurfactants are capable of inhibiting the for-
mation of biofilms, disrupt the attachment and quorum sensing and detach the
biofilms from surfaces [49, 57]. Biosurfactants are categorized by their microbial
origin and chemical composition [57].

The constraints still experienced in the use of biosurfactants are a lack of vast
information on the level of toxicity and due to the high cost of production. The
current biological treatment methods of water and wastewater have proven to be
ecologically friendly, safe and flexible with high prospects of efficacy if properly
utilized. Figure 5.4 show the classes of biosurfactants and examples of each which
can be utilized in the treatment of water and wastewater.

5.8 Analytical Methods for Assessment of Microbial
Polysaccharides in Water and Wastewater

The analytical methods for assessment of microbial polysaccharides in water and
wastewater during purification are usually the basic treatment procedures for
industrial and potable water supplies. The objectives of these methods are to
remove settleable organic and inorganic matter, residual organic and suspended
solids, removal of heavy metals and other solids present in water and wastewater
[44]. These methods are used to either double check the efficiency of a water

Fig. 5.4 Some classes of biosurfactants
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treatment procedure on the removal of microbial polysaccharides (biofilm) or to
measure the efficacy of the use of the microbial polysaccharides in wastewater
treatment [59].

The parameters measured in the use of analytical methods for assessment of
microbial polysaccharides include the following as shown in Fig. 5.5:

• Biological Oxygen Demand (BOD)
• Chemical Oxygen Demand (COD)
• Total suspended solids
• Nitrification/Denitrification.

5.8.1 Biological Oxygen Demand (BOD)

Biological Oxygen Demand (BOD) refers to the amount of oxygen required to
degrade organic matter present in wastewater [60]. This depends on the source of
the wastewater which could contain diverse organic matter such as food particles,
detergents, faecal matter, oils and grease which are easily degraded by the microbial
populace of the wastewater in the presence of oxygen. The microbial communities
which make up the biofilm use the organic matter as a source of food, therefore
reducing the amount of organic matter in the water [47]. The measurement of BOD
is very crucial before releasing effluents from wastewater treatment into the envi-
ronment. This is because a high amount of BOD in water released into the envi-
ronment can cause eutrophication and changes in the ecosystem which may favour
the excessive growth of microbes in the water. The active functioning of nitrifying
and denitrifying bacteria is also influenced by the presence and level of BOD. The
standard limit for BOD in potable water has been set at 30 mg BOD/L safe
level [47]. Thus, it is theoretically accepted that the presence of a high concen-
tration of BOD in wastewater indicates the presence of high organic matter to be
degraded [47].

The conventional method of measuring BOD in water is the five-day BOD or
BOD5 test, which involves the measurement of the amount of oxygen consumed by
microorganisms (dissolved oxygen) in a five-day period. This shows the strength or
the concentration of biodegradable organic matter present in the wastewater. The
standard oxidation test time for BOD5 has been set as 5 days at 20 °C temperature.
Researchers have argued that the stipulated time for the BOD5 test is too low to
effectively quantify the amount of BOD; however, it has constantly been used to
evaluate water quality for any immediate concern. The correct analysis of BOD can
be interfered with by the presence of some constituents in the water sample to be
analyzed. These constituents include the presence of toxic metals such as lead,
presence of residual chlorine and caustic acidity or alkalinity, which can inhibit
biochemical oxidation [60].
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5.8.2 Chemical Oxygen Demand (COD)

Chemical Oxygen Demand (COD) is referred to as the relative amount of chemicals
which consume dissolved oxygen in water. In water, both the organic and inorganic
constituents are subject to oxidation. However, the oxidation of the organic con-
stituents predominates. The measurement of COD in water is highly important
because it represents the amount of oxygen consumed for aerobic biological oxi-
dation or conversion of the organic matter in the water sample. A common pro-
cedure for determining the COD is the redox titration which involves heating the
water sample with potassium dichromate; the organic matter in the water becomes
oxidized to carbon dioxide and water while the dichromate is reduced to Chromic
ion (Cr3+). The amount of oxygen expended in converting organic matter to carbon
dioxide and water is the COD. Therefore, COD value is expected to be low to
ascertain the efficacy of treatment using microbial polysaccharides.

COD analysis and values can be interfered with by the digestion time, the
concentration of the reagent, the presence of inorganic reducing compounds (ni-
trites, sulphites, iron (II) salts) that react quickly with dichromate ion thereby
reducing its concentration, presence of oxidizing agents (such as chlorine, ammonia
and amines) which may cause erroneously high COD values and the temperature of
the water or wastewater.

5.8.3 Total Suspended Solids (TSS)

Total suspended solids (TSS) are all particles which are mostly inorganic, sus-
pended in water. It is a measurement of solid material per volume of water. These
particles are usually larger than 2 microns and therefore will not pass through the
filter. Microbes such as bacteria and algae may also be constituents of the total
solids because they form a mass (biofilm) in water, but may also function in the
removal of the suspended solids. Other constituents of wastewater include sand,
sediment and silt from erosion or other natural and anthropogenic activities.
Sediments and silt usually do not occur in water in Free State; they have
microorganisms which could be pathogenic adhering to them. TSS in water causes
turbidity and makes the water unsafe for consumption by humans and aquatic life.
TSS is expected to decrease through treatment of wastewater with microbial
polysaccharides due to their adhesive properties.

TSS has usually measured accurately by filtering a water sample and weighing
the residue retained on the filter. The Water Quality Standards posits that potable or
safe water must contain less than 20 mg/L amount of total suspended solids.
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5.8.4 Nitrification and Denitrification (Ammonium Test)

Wastewater contains nitrogen in many forms which include organic nitrogen pro-
duced by human materials (such as dead cells, urea) and inorganic nitrogen from
industrial wastes. Nitrogen exist in water in the form of Nitrates and Nitrites and are
only permissible in drinking water at a level not more than 10 mg/L for Nitrate and
1 mg/L for Nitrite [61]. The nitrogen present in wastewater can be degraded
completely to ammonia by the microbes in the water. Ammonia is further oxidized
to nitrite by the nitrifying bacteria, Nitrosomonas and Nitrobacter, in a process
known as Nitrification [62]. The nitrite is further oxidized to nitrate by the nitrifying
bacteria. However, the presence of excess nitrate in water is detrimental to human
and aquatic life as well as the environment as it may lead to eutrophication [61].
The second phase involves the conversion of nitrate to nitrogen gas in a process
called Denitrification. It is a theoretical expectation that wastewater being treated by
microbial polysaccharides should contain low ammonium concentration [62].

The method used in quantifying ammonium concentration in wastewater is
known as Nesslerization, which involves observing the colour change of the
mixture of the water sample and Nessler reagent [54].

Other heavy metals such as Lead, Phosphorus present in wastewater are also
absorbed by the microbial communities present. The absorption of these metals
results in the eventual degradation into soluble and non-toxic constituents. For
instance, phosphorus in wastewater is degraded to the non-toxic phosphates. The
removal of these metals is important because they are highly toxic to human health,
aquatic life and the environment at large.

Fig. 5.5 Indicators for monitoring microbial polysaccharides in water and wastewater treatment
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The efficacy of microbial polysaccharides in water and wastewater treatment can
be measured through the aforementioned analytical methods.

5.9 Trends and Prospects of Microbial Polysaccharides
in Water and Wastewater Purification

Water and wastewater treatment systems need to be continuously modified and
improved to meet the water requirements of most countries especially developing
countries where water shortages is an issue of great concern. However, advancements
in microbial polysaccharide based water treatment systems have bridged some of the
gaps in solving problems associated with wastewater treatment.

Recent trends in wastewater treatments involve utilizing systems which are more
energy efficient, less cumbersome and more cost effective. Development of
nanofiltration technologies is a major new trend in water and wastewater treatments
which are been explored. Nanoadsorbents produced from natural materials such as
microbial polysaccharides are currently regarded as one of the effcient and
cost-effective workable methods of water and wastewater treatment [51].
Membrane technologies utilizing these types of systems are effective in membrane
bioreactors while been used in ultrafiltration processes. This trend is depicted in
Fig. 5.6.

A challenging and time-consuming aspect of wastewater treatments is removing
heavy metals from the system. Although microbial polysaccharides have been used
in the past in the removal of these metals from water through processes like
sequestration, their full involvement in bioremediation is attracting more studies in
recent years. If fully understood, it will go a long way in treating industrial
wastewaters, which are a primary source of ecological worries globally.

Fig. 5.6 Latest trends in microbial polysaccharide based adsorbents
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5.10 Conclusion

The role microbial polysaccharides play in nature cannot be over emphasized. Their
availability, as well as ease of production, has made their application tremendous.
Although they have been shown to have varied applications in wastewater treat-
ments, their utilization has not been extensively employed. With wastewater
treatment processes all over the world being a very expensive and time-consuming
process, microbial polysaccharides have shown that they possess great ability in
making this cumbersome process less time consuming and more efficient. Microbial
polysaccharide as biosorbents have shown remarkable applications in the treatment
of textile wastewater which is one of the most difficult wastewaters to treat, due to
the presence of both heavy metals and dyes.

The shortage of potable water in developing countries which is partly attributed
to low level of wastewater reuse, due to low or unavailable wastewater treatment
systems, can be efficiently and economically solved by using systems which
incorporate in their operation as treatment regimen in microbial polysaccharides
water and wastewater treatment.
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