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Abstract

The fate and build-up of phosphate (Pi) nutrients in aquatic environments is an urgent
environmental problem affecting global water security. At elevated levels, Pj causes
eutrophication, leading to oxygen depletion. This thesis is aimed at the development, optimization
and application of a sustainable biopolymer-based coagulation-flocculation (CF) system that has
improved P;j and turbidity (T;) removal performance over conventional CF systems. In Chapters 3
and 4, the removal efficacy of P; from wastewater was investigated using variable combinations
of coagulant and biopolymer-flocculant (chitosan and alginate) systems. The CF process was
affected by several independent variables (CF factors). The optimization studies provided an
empirical relationship between the P; removal efficiency and these factors. The results
demonstrated that the biopolymer-flocculants are more efficient in a ternary system in removing
Pi from wastewater and the process is controlled by charge neutralization and polymer-bridging
mechanisms. Chapters 5 and 6 are aimed at designing a high molecular weight amphoteric
bioflocculant (CMC-CTA) for the co-removal efficacy of P; and Ti in a binary system with FeCls.
The effects of pH, settling time, coagulant and flocculant dosages were investigated through
optimization studies, and the results showed that Fe(111)-CMC-CTA binary system was effective
at acidic to neutral pH. Kinetics and equilibrium adsorption studies showed that the process was
well described by kinetic pseudo-first-order and equilibrium Langmuir isotherm for uptake of P;
and T; and the process was spontaneous and endothermic. Chapter 7 focused on the design of high
molecular weight cationic chitosan-based flocculant (CTA-Chi-g-PAM). The functional properties
of the flocculants were examined for the removal of P;, and T;, where the effects of several CF
factors were tested in a single-component system. The experimental data were fitted by several
kinetic (time-dependent) and adsorption (concentration dependent) models. Thermodynamic
parameters revealed that the CF process was favored by entropy-driven electrostatic interactions
and polymer bridging. Individual kaolinite-colloidal particles showed a higher aggregation rate
due to Coulombic electrostatic and van der Waals attractive forces in the presence of CTA-Chi-g-
PAM to form flocs. The studies reported herein provide a greater understanding of the structure-
property relationship for biopolymer-based CF phenomena, and the findings will add to the design

of bioflocculants with superior and tunable physicochemical properties.
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CHAPTER 1

1. Introduction
1.1 Background

There are several contaminants in water bodies at elevated levels, such as phosphate and
colloidal materials, that remain as a significant environmental concern to many countries around
the world.! Municipal wastewater may contain about 10 mg/L to 20 mg/L of the total phosphorus
in wastewater, with orthophosphate being the major species among the constituents.? To prevent
the growth of algae in water bodies, many countries strictly regulate phosphorus levels to below
0.05 mg/L for surface water.®> The presence of excess phosphorus in water bodies leads to
eutrophication.*® Phosphorus in water is usually present as a nutrient in the form of dissolved
phosphate. In the removal of dissolved nutrients, it must first be converted into a solid phase
followed by the removal of this phase from the bulk treated wastewater. Among the water
treatment techniques (adsorption, coagulation-flocculation, precipitation, oxidation/reduction,
membrane filtration, and evaporation), coagulation-flocculation (CF) has attracted much attention
for primary and secondary water treatment due to its efficiency, simplicity, low cost and energy-
efficient nature.”® The process requires low energy inputs and material costs, especially if
biopolymers can be substituted for synthetic polymers.® Conventional CF involves the addition of
commercially available coagulants and/or flocculants such as alum or FeCls to the wastewater to
precipitate the contaminants. The precipitate formed is then removed by sedimentation and/or
filtration. Despite the widespread use of CF systems, an understanding of their basic
physicochemical properties in removing dissolved and suspended solids in wastewater is required
to address water quality problems.? Coagulation-flocculation appears to be a simple process;
however, the destabilization of the suspended particles (colloidal species) requires an
understanding of colloidal stability.

The use of inorganic salts to precipitate contaminants has been utilized widely due to their cost-
effectiveness and ready availability. However, these mineral salts pose several disadvantages, such
as the use of large dosages, ineffectiveness at low water temperatures, pH-dependent (altering the
pH of the water) performance, sludge production, and potential harm to human health (such as
Alzheimer’s disease, Parkinson's disease, and multiple sclerosis due to aluminium).’%! The
application of synthetic polymers, such as polyacrylamide, poly(diallyldimethyl) ammonium

chloride and poly(styrene) derivatives, and biopolymers such as chitosan, alginate, cellulose, and
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starch, as flocculants and/or coagulant aids for the removal of contaminants in wastewater, has
been reported.’? Synthetic and natural polymer flocculants have advantages over the use of
inorganic salts that include greater purification efficiency, the ability to form large flocs with high
density, high mechanical strength (resistance to shear stress), and favorable settling properties.
Generally, polymers (synthetic or natural) possess useful properties over a wide pH range and
yield reduced amounts of sludge without metal (aluminium) residuals whilst maintaining the
alkalinity of water. However, synthetic polymers are non-biodegradable, relatively expensive and
pose potential biological toxicity, which are major concerns for the environment as well as
biological treatment plants.*® The development of coagulant aid in conjunction with biopolymer
flocculant (bioflocculant) systems, such as alginate, chitosan or cellulose, has several advantages:
cost-efficiency, biodegradability, biocompatibility, non-toxic, with minimal production of
pollutants and no side effects.!* The application of bioflocculants seeks the benefits of a treatment
with high production rate and biodegradable, innocuous waste production, whilst providing a
solution to the challenges of its tendency for low flocculation activity and high cost.*®

Even though native bioflocculants appear to be useful in water and wastewater treatment, they
have reduced shelf life due to their biodegradability.®® Also, individual polysaccharides have
deficiencies in their application as bioflocculants. For instance, the low molecular weight, and poor
solubility of chitosan limits its application as a bioflocculant over a wide pH range.'® Additionally,
alginate is an anionic polyelectrolyte, and hence it is not effective in the removal of negatively
charged colloidal and dissolved substances in water and wastewater without further modification.
Also, cellulose has poor water solubility and poor flocculation capacity.!” Hence, it is important to
chemically modify the structure and properties of these biopolymers with selected synthetic
polymers to enhance their synergistic properties to effectively improve their flocculation

performance.

1.2 Knowledge gaps
This thesis research is designed to bridge the following knowledge gaps based on the hypotheses
that will be discussed in the subsequent section.
1. Understanding of the structure-activity relationship of biopolymers (e.g., chitosan and
alginate) and their chemically modified forms for the removal of phosphate and colloidal

materials in wastewater.



2. The effect of the structural properties and chemical composition of the biopolymer

materials on the coagulation-flocculation mechanisms.

3. The effect of the structural properties and chemical composition of the biopolymer
materials on the physicochemical characteristics of the flocs.

1.3 Objectives
The long-term goal of this thesis is aimed at the development, optimization and application of
sustainable coagulation-flocculation systems that have improved water treatment performance
toward oxyanion (mainly orthophosphate, P;) and turbidity (kaolin colloidal dispersion, Ti)
removal over conventional CF systems currently available. Additionally, this thesis is focused on
strategies to develop single-component CF materials, with dual functional properties akin to that
of conventional binary and ternary systems, from biopolymers with greater performance toward
wastewater treatment and able to overcome the disadvantages accompanied with conventional CF
systems (inorganic salt + synthetic polymer(s)). The overall objective of the thesis is further
divided into three themes:
I. Flocculation efficacy of combined biopolymer-metal salt system towards dissolved

phosphate removal in wastewater in single-component, binary, and ternary CF systems.

ii. Synthesis, characterization and flocculation properties of a high molecular weight
chitosan-based amphoteric flocculant for Pi and Ti removal in single-component and

binary systems.

iii. Synthesis, characterization and flocculation performance and floc properties of high

molecular weight cationic chitosan-based flocculants in a single-component system.

Figure 1.1 represents a block scheme for the experimental design that will be followed to
achieve the proposed hypotheses-driven objectives.
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Figure 1.1: Proposed block scheme of the experimental design to achieve the proposed

objectives.

1.4 Hypotheses

The following hypotheses will direct the experimental design to achieve the goals of this thesis

research:

1. An increase in the molecular weight of the biopolymer flocculants will enhance their
flocculation capacity. It has been postulated that higher molecular weight polymer
flocculants have large surface area for adsorption of the suspended solid contaminants.
Hence, to address this hypothesis, biopolymer materials such as chitosan will be modified

via several synthetic routes to examine the effect of the increased polymer molecular weight

on the flocculation efficiency.

2. External environmental conditions and molecular structural factors of the biopolymers can
have a favorable effect on the flocculation performance of biopolymer materials. Therefore,
this thesis will investigate the impact of the various external environmental factors (pH,
temperature, flocculant dosage, dosage of the contaminant, stirring rates and settling time)

and molecular structural factors (charge density and the degree of substitution of the

functional groups) on the flocculation efficiency of flocculant systems.



3. Properties of the flocs such as size, surface morphology, stability, aggregation and
breakage, and rapid settling can be improved via the utilization of bioflocculant systems
over conventional inorganic coagulant and synthetic polymers. This will be addressed by
chemical and physical characterization of the floc structure using different techniques. This
will provide insights on how to manage the flocs and potentially providing alternatives to
other possible applications of the flocs.

4. Additionally, the Box-Behnken experimental design (BBD) together with the response
surface methodology (RSM) can provide an empirical relationship between the response
function (degree of Pi and Ti removal) and the independent variables (external
environmental factors) as well as provide optimized conditions for the CF process. To
address this hypothesis, the BBD-RSM would be used to investigate and validate the CF
process parameters affecting the removal of P; and Ti in wastewater and to determine the

optimal conditions maximizing the efficient removal of P; and Ti.

5. The chemical composition and physical structure of the biopolymers can influence the type
of flocculation mechanism that occurs. Therefore, it is proposed that the mechanism may
involve polymer adsorption, polymer bridging, or charge neutralization or a combination
of mechanisms. These mechanisms will be evaluated through a detailed investigation of
the external environmental factors and molecular structural factors of the biopolymers
towards the removal of Pi and Ti.

6. The CF process can be driven by kinetic (time-dependent) or thermodynamic effects at
equilibrium. Evaluation of the flocculation Kkinetics, adsorption phenomena and
thermodynamic parameters at equilibrium, and how the process parameters affect the

system’s efficiency will be investigated herein.

1.5 Thesis Organization

This thesis is focused on strategies to develop single-component CF materials, with dual
functional properties akin to that of conventional binary and ternary systems, from biopolymers
and their modified forms. The rest of the thesis is divided into seven chapters, starting from Chapter
2 through to Chapter 8. Chapter 2 is the literature review, Chapters 3 — 7 consist of formatted and

edited published articles and manuscript in preparation, while chapter 8 consists of an integrated



discussion of manuscript chapters, concluding remarks and proposed future research work. The

published articles and manuscript in preparation are outlined below:
1. Agbovi, H. K.; Wilson, L. D.”; Tabil, L. G. Biopolymer Flocculants and Oat Hull Biomass To

Aid the Removal of Orthophosphate in Wastewater Treatment. Ind. Eng. Chem. Res. 2017, 56
(1), 37-46. https://doi.org/10.1021/acs.iecr.6b04092. (Chapter 3).

2. Agbovi, H. K.; Wilson, L. D. " Flocculation Optimization of Orthophosphate with FeCls and
Alginate Using the Box-Behnken Response Surface Methodology. Ind. Eng. Chem. Res. 2017,
56 (12), 3145-3155. https://doi.org/10.1021/acs.iecr.6b04765 (Chapter 4).

3. Agbovi, H. K.; Wilson, L. D.” Design of Amphoteric Chitosan Flocculants for Phosphate and
Turbidity Removal in Wastewater. Carbohydr. Polym. 2018, 189, 360-370.
https://doi.org/10.1016/j.carbpol.2018.02.024. (Chapter 5).

4. Agbovi, H. K.; Wilson, L. D.” Optimization of Orthophosphate and Turbidity Removal Using
an Amphoteric Chitosan-Based Flocculant—Ferric Chloride Coagulant System. Environ.
Chem. 2019, 16 (8), 599-612. https://doi.org/10.1071/EN19100 (Chapter 6).

5. Agbovi, H. K.; Wilson, L. D.” Flocculation performance of cationic chitosan-based flocculant
for phosphate and turbidity remediation, ACS Appl. Mater. Interfaces 2020. (To be submitted).
(Chapter 7).

A summary of the research work and a description of the contributions of each author are
presented at the beginning of each chapter. Besides, the justification for the completion of the
general objectives of the Ph.D. thesis is also included. A summary of each chapter is given below.

Chapter 2 is the literature review and it discusses the various concepts used in the thesis. Firstly,
the colloidal properties of clay (kaolinite) particles and interfacial chemistry of colloidal systems
are highlighted, followed by interactive forces between colloidal particles. In addition, concerns
for phosphate as wastewater pollutants are discussed. Moreover, the fundamentals of the CF
process for wastewater treatment are presented, where CF kinetics, mechanisms and factors
affecting the CF process are highlighted. In addition, polymer adsorption processes and
thermodynamic concepts in CF are described. Herein, a description of adsorption studies and the
various tools used for its evaluation, such as adsorption kinetic models (pseudo first and pseudo
second order kinetic models) and adsorption isotherms models (Langmuir, Freundlich and Sips
isotherm models) are also presented. The thermodynamic concepts that influence CF polymer
flocculants materials such as hydrogen bonding, van der Waals forces, electrostatic interactions
and hydrophobic interactions are also outlined. Finally, a literature survey of some conventional

inorganic coagulants and biopolymer flocculants is discussed.
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Chapter 3 reports on the removal of orthophosphate (Pi) by coagulation-flocculation with a
variable combination of alum, biopolymers and biomass. The importance of this research was
significant toward developing and understanding the flocculation properties of natural polymer
and biomass materials for the removal of dissolved species such as phosphate. This project satisfies
the first theme of the thesis research. The significance of this work relates to the overall objective
of the thesis research because this research study demonstrated that the biopolymer flocculants are
more efficient in a ternary system in removing phosphate in wastewater. The CF process depends
on several factors, where the process is controlled by charge neutralization and polymer-bridging
mechanisms, which supports hypotheses 2 and 5.

Chapter 4 focused on the demonstrated utility of native biopolymer flocculants combined with
metal ion coagulant in a binary system for improved removal of phosphate. It relates to the overall
objective of this thesis per the first theme. Herein, a CF optimization study was performed on
FeCls-alginate binary system using the BBD-RSM for the removal of orthophosphate, Pi. The
BBD-RSM was employed to provide an empirical relationship between the response function (P;)
and the independent variables (CF factors). The validity of the predicted response function was
confirmed by experimental data, which showed comparable results. This study supports
hypotheses 2, 4 and 6. Herein, the flocculation process followed electrostatic charge neutralization
and ion-binding adsorption mechanisms.

An amphoteric chitosan-based flocculant material (CMC-CTA) was prepared and characterized
using physicochemical methods related to flocculation properties in Chapter 5. The study reported
in this chapter refers to the second theme of the thesis research. It also addresses the hypotheses 1,
2, and 3. The T; and P;i removal properties of CMC-CTA were compared in the presence and
absence of FeCls coagulant. Herein, the increased molecular weight of the chitosan after the
modification increased the flocculation efficiency. Also, several external conditions were observed
to influence the flocculation properties of the flocculants. Additionally, the flocculation was well
described by pseudo-first-order and pseudo-second-order kinetics for P; and T; removal,
respectively. The CF process involved cooperative Coulombic electrostatic interactions between
the biopolymer/Fe(111)/ Pi and/or kaolin colloidal species, along with the vital role of a polymer
bridging mechanism.

Chapter 6 presents a continuation of Chapter 5, where an amphoteric chitosan-based flocculant

material (CMC-CTA) was prepared and characterized using physicochemical methods related to



flocculation properties. This studies discusses the optimization of the factors affecting the CF
process using BBD-RSM to obtain an optimal condition for efficient P; and Ti removal using
Fe(I11)-CMC-CTA binary flocculant system. The study reported herein relates to the second theme
of the thesis research. The second, fourth, fifth and sixth hypotheses are addressed in this chapter.
An optimal condition was generated using the BBD-RSM for the removal of P; and Ti, in which
the experimental and predicted removal efficiencies were comparable. The flocculation process
was observed to depend on entropy effects according to the thermodynamic properties of the
process. The CF process is characterized by electrostatic charge neutralization, polymer bridging
and polymer adsorption mechanisms.

Chapter 7 discusses the modification of chitosan to form a single-component cationic flocculant
system for enhanced removal of Pi and Ti. It addresses the third theme, which focuses on synthesis,
characterization and flocculation performance and floc properties of high molecular weight
cationic chitosan-based flocculant in a single-component system. In addition, this study supported
hypotheses 1, 2, 3 and 6. Herein, it was observed that modification of native chitosan improved its
flocculation performance in a single-component system without the addition of metal ion
coagulant. Also, external factors such as pH, temperature, settling time and flocculant dosage had
a significant effect on the removal efficiency, where an optimum condition is required to obtain
maximum removal. Moreover, the modified biopolymer improved the properties of the flocs. The
flocculation process was observed to be driven by an entropy effect, following the thermodynamic
studies. The T; flocculation kinetics showed that the flocs formed at the optimal dosage had a
greater rate of aggregation relative to breakage. In contrast, the P; flocculation kinetics followed
pseudo-second-order Kinetics.

Lastly, Chapter 8 presents an integrated discussion of the manuscript chapters, conclusions
drawn from the thesis, and proposed future work.
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CHAPTER 2

2 Literature review

2.1 Clay particles as colloids
2.1.1 Colloidal suspensions

In solid-liquid colloidal suspensions, the solid particles in the liquid phase are stable phases that
exhibit little or no tendency to aggregate and separate from the water-phase.! Destabilization of
colloidal suspension is necessary to ensure the separation of chemical precipitates from aqueous
media. In solid-liquid colloidal suspensions, the collision between the solid particles occurs via
Brownian motion. Colloidal particles have a large surface-to-volume ratio, and due to their
negative or positive surface charge, they can remain as stable dispersion over a long period. Hence,
they are less responsive to gravitational forces relative to surface phenomena. Due to the electrical
charges of colloidal particles with their surroundings, they form suspensions, which are stable over
time. Such suspensions include foams, emulsions, aerosols, gels, liquid, solids and gases. The
behavior of colloidal particles in an aqueous medium is controlled by electrokinetic charge for
hydrophobic colloidal systems. Each particle is negatively charged and remains stable due to
electrostatic repulsion owing to the presence of electrical double layer (EDL) effects. For
hydrophilic colloids with positive surface charge, these charges are mainly attributed to the
presence of polar groups such as amine or carboxylic acid groups.? Equilibrium between two
opposing forces, van der Waals (vdW) attractive and electrostatic repulsive forces determine the
stability of colloid dispersions. However, due to the size of colloidal particles (0.01-1.0 um), the
repulsive forces between the particles are stronger than the attractive forces; hence, they tend to
remain discrete and stably dispersed in the suspension. This occurs because there is a difference
in the potential of the solvent medium and the surface of the electrostatically charged particles.
The difference in potential between the solution and shear plane is known as the zeta ({) potential.
Colloidal particles undergo agglomeration via vdW attractive forces when the (-potential is near
zero, where they tend to be destabilized. On the other hand, colloidal stabilization occurs when the
(-potential value is greater (negative or positive) through electrostatic repulsive forces. These
phenomena of colloidal systems were initially described by the DLVO theory, named after
Dergagin and Landau and Verwey and Overbeek.® Destabilization of the colloidal particles can be
achieved through charge neutralization, electric double layer compression, colloidal entrapment,

and interparticle bridging.* The most effective way to destabilize colloidal dispersions is to
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aggregate the fine and discrete particles via coagulation-flocculation, where cationic mineral salts
are added to neutralize the negative charges of the colloidal particles.®> Clay particles are small in
size due to their plate-like morphology, random isomorphic impurities and slow crystal growth
rate during formation.® Due to their fine size and negative surface charge, they are among the most
widely employed colloidal systems. The colloidal behavior of suspended clay particles is due to
the physicochemical and interfacial characteristics of the minerals. Kaolin is the clay mineral often
found in many industrial processes such as mining, painting, ceramics, pharmaceuticals and dye
industries.” Hence, it is essential to understand the interaction between these colloidal particles to
ensure better stability and develop appropriate approaches to destabilize them using coagulation-

flocculation process.

2.1.2 Properties of kaolin

Kaolin is a white and soft powder consisting of fine-grained plate-like particles. It has suitable
applications such as paper making, coating, pigment in paints, ceramic raw materials, functional
fillers, extender, cosmetics, food additives and adhesives, due to its physicochemical properties.’
Kaolin is mainly composed of SiO2 and Al>Os and has 1:1 hydrated aluminosilicate structure
(Al2Si20s(0OH)4) with a chemical composition consisting of stacked pairs of tetrahedral silica
sheets and octahedral alumina sheets, as shown in Figure 2.1.2° This clay mineral has two different
basal faces, an inert tetrahedral siloxane structure and octahedral gibbsite structure (Al(OH)e)
terminating in OH~.%° The layer edges end in both OH" and O? anion groups. The two faces are
connected by covalent (shared atoms), and hydrogen bonds (between silica-oxygen and
aluminium-hydroxyl groups). Above pH 2, dispersed kaolin particles have a net negative charged
surface due to accumulated amounts of minor isomorphous substitutions, broken bonds, crystal
defects, structural disorder and surface protonation or deprotonation. Studies have shown that
isomorphic substitution accounts for a small percentage of the overall charge of the kaolin colloidal
particles.®1% Theoretically, both basal faces are electrically neutral, where the majority of the
negative charge of kaolin particles takes place at the edge termination sites. At the particle edge,
there is an exposure of aluminol (Al-OH) and silanol (Si-OH) groups due to the breaking of the
silica tetrahedral and alumina octahedral bonds. Also, variable ionization (hydrolysis) of the
hydroxyl groups leads to charge formation, and the nature of the charge is dependent mainly on
the pore fluid environment such as pH and ionic strength.!! The diameter, thickness and density of
kaolin are 0.2-10 um, 0.7 nm and 2.6 g/cm?, respectively.?
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Figure 1.2: Lattice structure of kaolin. (obtained with permission from reference?).

2.1.3 Colloidal properties of kaolin

Kaolin has complex surface chemistry due to the heterogeneity of the charged surface site. It
has two different surface sites, namely, basal and edge faces, which are arranged parallel and
perpendicular, respectively, to the direction of the tetrahedral sheets.*®'* The surface chemistry of
the two faces are quite different, which results in anisometric charge distribution and aggregate
structures which are influenced by pH. Many different particle arrangements can result from the
interaction between face and edge sites from two or more particles. For kaolin particles, there are
four major particle interactions or associations, which are face-to-face (F-F), edge-to-edge (E-E),
face-to-edge (F-E) associations and dispersion.’® F-E association is caused by Coulombic
electrostatic attraction between negatively and positively charged faces and edges, while vdwW
attractive forces between the same charged faces lead to F-F and E-E interactions. Dispersion
interaction occurs between similar faces due to EDL repulsion.'® In the dispersed form, there is no
interaction faces to form aggregates because the EDL of the particles is large, i.e., high repulsive
forces between the particles, leading to the formation of stable colloidal dispersion. E-E and F-F
aggregation result in large sludge volume with poor packing density (lower density), while F-E
association produces flocs with large size and higher density.*341617 The aspect ratio of kaolin
clay particles is quite high, where the face sites exceed the edge sites by a factor of 5-10, but

sufficient edge area is available for E-F association to occur when the edge is positive. During
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association of colloidal particles, the pore fluid pH and ionic strength play key roles in the
process.*!° E-F association dominates at low pH (pH <7.2) and low ionic strength because of
Coulombic attraction between negatively charged faces and positively charged edge sites. At high
ionic strength, F-F and E-E aggregation occur due to weak double layer repulsive forces. At high
pH and low ionic strength, the edges and faces are both negatively charged, and the kaolin particles
are dispersed in an aqueous medium due to increased EDL thickness. Other non-covalent
interactions are also present between polymers and kaolin particles. These forces include vdwW
Coulombic electrostatic (attractive/repulsive) interaction, polar (or Lewis acid-base) and Brownian

motion interactions.®

2.2 Interfacial chemistry
2.2.1 Surface charge

Gravitational sedimentation of colloidal suspensions is problematic due to the stability of the
finely dispersed particles. When colloidal particles interact with an aqueous electrolyte, they may
acquire surface charge through several means, such as ionization, specific ion adsorption,
isomorphous substitution or ion dissolution.!® When ions of opposite charge are unevenly
dissociated from the surface of sparingly soluble substances, this leads to differential ion
dissolution.?’ The process of ionization occurs via adsorption-desorption equilibrium between the
surface potential and potential of the aqueous medium to determine H* and OH" ions, and the
process is pH-dependent. At alkaline conditions (pH >7), the colloidal surface undergoes
deprotonation and becomes negatively charged, but the surface is positively charged at acidic
conditions due to protonation at the surface. The isoelectric point (IEP) or point of zero charge
(PZC) is the pH at which the surface is electrically neutral. When electrostatically driven surface
adsorption of ionic species occurs, it results in charging of the surface, the process is known as
specific ion adsorption and it occurs in the Stern layer of the EDL. Isomorphous substitution occurs
mostly in clays when an ion of similar size but lower valency replaces another ion in a crystal
structure, which then causes a negative charge surface.?! In kaolin colloidal particles, the different
crystal faces, such as basal faces and edges lead to heterogeneous charge distribution. The basal
faces have a negative charged surface at all pH conditions, and the edges could have positively or
negatively charged surfaces depending on the pH.?2 The negative charge of the basal face is due
to isomorphous substitution in the kaolin sheets, which resides at the hydrophobic basal faces, with
the hydrophilic basal faces covered with strongly associated water molecules.?’ At pH below and
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above the PZC of the surface groups of the kaolin, the silanol and aluminol groups undergo
protonation and deprotonation, respectively, to become positively or negatively charged at the
edges. Since the basal faces carry negative charges, they may be repelled from or attracted to the
edges at pH values above and below the PZC of the edges, respectively. The PZC has been reported
to range from pH 5-7, which is a balance between the low IEP of the silanol groups (pH 2-3) and
high 1EP of the aluminol groups (8-9).23
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2.2.2 The electric double layer (EDL)

Colloidal particles develop an electrical surface charge at their surface when in contact with an
electrolyte solution. Hence, the electrostatic attraction takes place between dispersed colloidal
particles and oppositely charged ions, or counterions in aqueous solution. Some counterions are
adsorbed specifically to the surface to balance the negative surface charges, while most are
distributed into a diffused double layer, as shown in Figure 2.2.% The ions specifically adsorbed at
the surface are held together by vdW and electrostatic forces and they form the Stern layer. The

counterions on the surface will attract their oppositely charged ions (co-ions of the primary
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charge), to form the diffused layer, which is defined as a loosely associated cloud of ions
distributed according to electrostatic forces, random Brownian motions, thermal agitation and their
hydration volume.?* When the colloidal particles are in motion, only a fraction of the diffused layer
will move along with the Stern layer, but shearing at the plane. The potential at this surface
shearing is called the (-potential, which is a measure of the surface charge of colloidal dispersions.
The zeta potential of colloidal dispersions in wastewater ranges from -5 mV to -40 mV, due to the
presence of its negative charged groups on the surface.?® The Stern layer and the diffused layer
constitute the electric double layer, and its formulation ensures electroneutrality, and hence the
stability of the overall colloidal system. The thickness of the double layer is designated by the
reciprocal Debye constant, also known as the Debye length. The Debye constant (k) is given as

the ratio of the Coulomb force to thermal energy according to equation (2.1).2°

2 2\ %
K{M} 21)

g6,k T

Here, e is the charge of an electron, ni(e) is the number per unit volume of electrolyte ions (i) with
valence zi in the bulk solution distant from the surface, ks is the Boltzmann’s constant
(1.38x102J/K), T is the absolute temperature, & is the permittivity of vacuum and & is the relative
permittivity (or the dielectric constant) of the solution. Based on the Gouy-Chapman model?’?8 of
the electrical double layer where the solvent is seen as a structureless continuum, and ions as point

charges, the electrostatic potential (y) around a surface in an electrolyte solution is given as

£.6,Viy =—e) z,n () exp {%} (2.2)
B

Equation (2.2) is also known as the non-linear Poisson-Boltzman equation, which is a
combination of Boltzman equation, the Poisson equation and volume density of charge when the
solution permittivity is constant, given in equations (2.3-2.5), respectively.?® Here, p is the density,
w is the electrostatic potential. Even though equation (2.2) is useful in calculating the electrostatic
potential, it has certain limitations and boundary conditions applied to it, which limits its

application. Details of these limitations and boundary conditions have been discussed elsewhere.?

n, = n, (c0) exp {f#} (2.3)
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— (2.4)

pzzezini (2.5)

2.2.3 Electrokinetic zeta () potential

Colloidal dispersion with a compactly packed Stern layer around it will be generally neutral;
however, counterions are attracted to the surface, and co-ions are repelled from the surface toward
the bulk solution. Hence, there will be non-uniform ionic distribution around the surface, resulting
in a potential difference within the EDL.?*3° The surface potential is the potential at the particle
surface, which changes into Stern potential in the Stern layer and eventually becomes zero in the
far-out bulk solution according to Figure 2.2. In the Stern double layer model, ions are considered
to have finite size instead of point charges.3! The Stern layer is considered as the distance between
the surface and the Stern plane, which is an inner boundary equivalent to the radius of one hydrated
ion, while the diffused layer is seen as a mobile layer found behind the Stern layer. The distance
between the Stern layer and the diffused layer has a boundary called the shear plane and the
corresponding potential is known as the zeta potential ({-potential).3! Measurement of the (-
potential of colloidal dispersions provides an important tool to understand the nature of the surface
charge and interaction between particles within the colloidal system. For a colloidal system, when
the zeta potential is low, (10 < { > -10 mV), the particles aggregate due to attractive vdW forces
which bring about the destabilization of the colloidal dispersion to enable rapid sedimentation of
the fine particles. However, there are repulsive forces between the colloidal particle when the (-
potential is high ({ = £50 mV) due to the overlapping of the electrical double layers, which
enhances their stability and remain dispersed in the aqueous medium.*?

Zeta potential may be determined experimentally via electrokinetic measurement such as
electrophoresis or electroacoustics.®® Electrophoretic technique involves the passage of light
through the colloidal suspension. It requires the use of dilute suspension (< 0.02 wt% solid) in
order to avoid significant attenuation of the light intensity. The electroacoustic technique is based
on the principle that the application of an alternating electric field to a charged colloidal suspension
will generate a series of sound waves and this phenomenon is known as electrokinetic sonic

amplitude (ESA) effect.3* The difference in the density of the colloidal particles and the fluid is
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required to enable the two phases, not moving as a single phase. Details regarding the theory,
technique and shortcomings associated with this technique and their relationship to zeta potential
and size measurement are described further elsewhere.®3 The zeta potential values of colloidal
suspension are determined via electrokinetic measurements using instruments such as zetasizer,

zetaphore meter and zeta.?®

2.2.4 Point of zero charge (PZC) and isoelectric point (IEP)

The point of zero charge is another important parameter of particles with an EDL. It is defined
as the pH at which the net surface charge of colloidal particles is zero due to effect of potential
determining ions.*” PZC and IEP are used interchangeably and they are the same when there is no
adsorption of other ions except potential determining H* or OH" ions at the surface of the colloidal
material.®® However when other specific ion adsorption occurs, the PZC and IEP generally have
different values. PZC is generally determined by pH values and different particles have different
PZC values in different solutions. The PZC is essential in coagulation-flocculation system because
it has a significant impact on adsorption of ions in solution, especially that of counterions. The
particle {-potential is 0 mV at the pH of the PZC. However, at pH values beyond and below that
of the PZC, the (-potential of the particles begins to reverse, and the surface properties behave in
an opposite fashion. These changes in the zeta potential or the surface charges result in changes in
the corresponding electrostatic double layer force; hence, a variation in the interaction between
particles.®®4 For instance, at pH lower than the PZC, the surface charge of the particles becomes
positively charged due to protonation at the surface. However, at pH above the PZC, there is
deprotonation on the surface; hence, the particle surface is negatively charged. PZC is employed
in this study as a complementary method to the measurement of the (-potential, in observing the
surface charge of the flocculants and the colloidal particles to understand the effect of the
electrostatic double layer in the coagulation-flocculation process for colloidal particles and

dissolved phosphate.

2.3 Interactive forces between colloidal particles
2.3.1 DLVO theory of colloidal particles

The stability of colloidal particles is mostly determined by the interaction of the various
attractive and repulsive forces between the particles, which was independently described by
Dergagin and Landau and Verwey and Overbeek in the DLVO theory.* DLVO theory is a known
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established framework that considers the total interaction energy between any two particles as a
function of particle separation distance and helps to predict whether or not a particular colloidal
suspension will be stable. According to this theory, the total energy (Vr) of interaction between
two particles is expressed as the summation of the vdW attractive (Va) and EDL repulsive (VRr)
forces, as given in equation (2.6).
V; =V, +V, (2.6)
The vdW attractive force arises from three types of electrical interactions, which are the
Keesom (orientation) interaction between two randomly arranged dipoles, the Debye (induction)
interaction between a randomly oriented dipole and induced dipole; and London (dispersion)
interaction between a fluctuating dipole and an induced dipole.*'*? The vdW force is effective over
a short range of distance (<10 nm) and decays rapidly as the interaction distance increases owing
to electromagnetic radiation. vdW energies are independent of solution pH and ionic strength and
are strongly affected by the refractive index difference between the solvent and the colloidal
particles. The repulsive component of the DLV O theory is attributed to the systematic interactions
of the overlapping electrical double layers at the surface of the colloidal particles as they meet each
other in an aqueous medium.*>*® Solution conditions such as pH and ionic strength and presence
of charged species are known to affect the range and magnitude of the EDL drastically.!
According to the DLVO theory, there is no additional repulsive interaction resulting from
hydration forces since it is assumed that the dispersed particles are not hydrated.
The vdW force between two particles depends on the geometry of the two particles and the
Hamaker constants of the system. The vdW expression for two spherical particles of radii r; and

r, and a shortest-center distance (ho) is given as?®

2 2
v, =_i{ : 20, o+ — 241, ~+In h°2 —(rl+r2)2} (2.7)
6 ho —(I’1+I’2) h _(rl_rz) ho _(rl_rz)

For an interacting system where r >> h, equation (2.7) can be asymptotically reduced to

v, oA 2

6 r+r, (2:8)

Here, ho is the distance between the centers of the respective diameter of the two spherical particles
approaching each other, whereas, r1 and r, are half the diameter of particles 1 and 2, respectively.

Aw (in J) is known as the Hamaker constant. The estimated Aw value of kaolin is 10 — 70 x102°]
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from colloidal measurements. At larger distances, a retardation factor is needed to account for the
finite velocity of the propagation of electromagnetic radiation between dipoles, which leads to a
rigorous rapid decay of the strength of the vdW attraction than described in equation (2.7). An
analytical estimate for the magnitude of Ax can be calculated from equation (2.9).4

3 D,-D,\ D,-D
s-laa el

3 ho (n’-n;*)(n," =ny’) (29)
82 * (n?+n, )}/2 (n,?+n, )% [(nf +n,? )% +(n +ng? )%}

Here, D and n are the dielectric constant and refractive index of the macroscopic phases (1) and
(2), and the aqueous medium, (3), respectively, h is the Planck’s constant and ve IS the major
absorption frequency. Using the equation (2.9), the An value of kaolin at 25 °C has been reported
to be 1.53x102° J, which is comparable to an experimental value of 2.2x10720 .44

For two spherical particles of equal radius, the electrostatic repulsive potential is as follows: 2444
kTY
V, =327,re,| =2~ | y*exp(—«h) (2.10)
ze

Here, z is the ionic concentration in the medium, e is the electronic charge; y is a function of
dimensionless surface potential, ho is the distance between the particles. As the diameter of the
particles increases, their radii also increases, which subsequently leads to greater repulsive energy
between the two spherical particles. The important parameter that describes the double layer is the
zeta potential ({) and the Debye-Hiickel constant (x).* The Debye length (k) can be calculated
from the above equation by considering the outer part of the double layer to be essential using
equation (2.11)%

%
2000F 2
I(':[ R j Ji (2.11)

Here, F is the Faraday constant (96486 C/mol), R is the gas constant (8.321 J/JKmol), and I is the
molar ionic strength, which can be calculated from equation (2.12), where ci is the molar

concentration.
1
| == E z.2¢c? 2.12
2 1 1 ( )
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According to equation (2.12), the repulsive interaction decreases exponentially as the particle
separation increases, and the range of repulsion is remarkably reduced with counterion valence
and electrolyte solution concentration, due to the ionic strength dependence on Debye constant (k).

The DLVO theory involves the estimation of attraction energy (vdW) and repulsive energy
(overlapping EDL) as a function of the distance between the particles, as shown in Figure 2.3. It
predicts that the agglomeration of colloidal particles depends on the extent of the EDL
compression, which is strongly influenced by the solution pH and the concentration and the
valence of the counterions.*” In Figure 2.3, repulsion forces dominate at larger distances up to 100
nm, while at shorter distances (<10 nm), vdW attractive force dominates, depending on their
magnitude. The combination of the vdW attractive and EDL repulsive forces leads to one
maximum (primary maxima) and two minima (primary and secondary minima).?> Colloidal
stability and the rate of particle aggregation is dependent on the shape of the net DLVVO potential.
At the primary maxima, an energy barrier needs to be overcome by the two approaching particles
before they can agglomerate.* As the energy barrier increases, the rate of particle association
decreases, due to strong repulsive forces between the particles as they approach each other. In
colloidal systems, Brownian motion controls the kinetic energy of the approaching particles, and
the energies of the particles follow a Gaussian distribution. For particles of the same charge, there
is a large energy barrier due to the strong electrostatic repulsion between the particles, leading to
a stable dispersed colloidal system.**8 But in the case where the Kinetic energy of the particles is
large enough to dominate the energy barrier, particle aggregation occurs owing to the
destabilization of the colloidal particles. The magnitude and nature of particle-particle interaction
force depend on several experimental variables such as dispersion pH, particle size, nature and
concentration of electrolyte ions, the solubility of surface-active species including surfactants,
polymers and polyelectrolytes.*” Destabilization of colloidal dispersion requires inducement of
attraction between particles to promote maximum particle contact and the formation of large, fast
settling of aggregated flocs. This is mostly achieved by several mechanisms such as double layer

compression, electrostatic charge neutralization, interparticle bridging and colloidal entrapment.

20



EDL repulsive
\
> . curve
) AT
c \ ' .
o < Primary maximum
o ;
Zz N/
z .
E. X E/rLergy barrier
-~ 5 5
2 PN Net interaction
~
- —~< energy
-—_
\_{Particle separation
% .~~~ Secondary
= - -
< L minimum
@ - \
CD - ™~
= e ~ van der Waals
S| ’ ;
] . attraction curve
=] 1
Py
Primary minimum

Figure 1.4: Interparticle forces as a function of particles separation distance.

2.3.2 Non-DLVO contribution to colloidal stability

Even though the DLVO theory can predict the interaction between colloidal particles and the
stability of colloidal dispersion based on vdW and EDL forces, the complexity of many systems
requires other forces to describe their colloidal behavior properly. As an illustration, the validity
of the Hamaker constant and Stern potential estimates have been questioned for the colloidal
behavior of kaolin dispersions since deviations have been reported on the classical understanding
based on the DLVO theory and/or double layer theory.*® Other non-DLVO forces that affect the

interaction of colloidal system and their stability are discussed below.

2.3.2.1 Hydration effects

Hydration effects were shown experimentally and theoretically to be strong and short-range
repulsive forces attributed to the affinity of the hydrophilic surfaces toward water.*® Water
monolayers tend to bind strongly to hydrophilic surfaces. Hence, in order for two hydrophilic
surfaces to be in contact, they must overcome additional forces such as repulsive hydration forces,
along with the vdW and EDL forces. This occurs because water molecules adjacent to the particle
surface show properties indicating that molecules arrange in a more structured configuration than

in the bulk water.>® Therefore, water molecules are forced in a different configuration with
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unfavorable entropy when hydrated cations or the structured water layers come into close contact
with a structured water surface. The effect of such structured hydration results in repulsive forces
between surfaces. Such types of hydration forces have been reported experimentally on the
surfaces of clay, silica and mica.> > For instance, hydration force between mica sheets have been
observed to increase with an increasing number of cation hydration via a surface force apparatus.>*-
53 Hydration forces have been expressed mathematically in a single exponential form according to
equation (2.13).°

27rr. h
Fo=—2K,exp|——
HD Lt HD p[ )\] (2.13)

Here, A is the decay length, Knp is the hydration force constant (N/m) and the other variables have

meanings as described above. Values of A and Kip can be experimentally obtained.>°

2.3.2.2 Hydrophobic effects

Unlike hydration interaction, hydrophobic effects are a long-range (>10 nm) attractive force
which occurs owning to two hydrophobic surfaces trying to eliminate water molecules between
them.>** Polar and ionic compounds can readily dissolve in water due to the polar nature of water.
However, the introduction of nonpolar (hydrophobic) compounds into water or polar solvent leads
to hydrophobic effects. Hydrophobic effects are the tendency of nonpolar molecules to self-
associate instead of dissolving individually in water.>® The hydrophobic effects are the driving
force for aggregation or formation of micelles by amphiphilic molecules, and removal of nonpolar
molecules from the aqueous environment.®’ For instance, when oil or other nonpolar molecules
interact with water, the hydrogen bonding networks in water are disrupted by the nonpolar
compounds and are forced to rearrange around the nonpolar moieties, which causes the formation
of small cages around the individual nonpolar molecules, as shown in Figure 2.4. The cages formed
are ordered structures, hence the solvent rearrangement in the ordered structures is not entropically
favored.>® However, the apolar molecules associate to form bulk structures, which reduces the
number of water molecules required to form cages around them, thus, increasing the entropy of
the solvent molecules.®® The transfer of the nonpolar molecules into water is an exothermic process
because of the formation of a water cage surrounding the individual hydrophobic species, resulting
in the formation of hydrogen bonds between the water molecules. The formation of the individual

small water cages leads to the entropy being less positive; however, the hydrophobic species self-
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assemble to form bulky species and the number of water molecules required to form cages
decreases, which in turn increases the entropy of the water molecules. The increased entropy is
due to less ordering of the water molecules. Hydrophobic effect is a spontaneous process because
the increasing entropy and exothermic nature of the process give rise to a negative value of AagsG°,

according to equation (2.14).%°

AyG =A,H -TA_S’ (2.14)
Hydrophobic forces were found to be much greater than vdW forces at large distances, and it
increases with increased hydrophobicity of the surface. The effect of the hydrophobic attractive

force has been termed as xDLVO theory, which was added to the DLV O theory. The hydrophobic

force of attraction as a function of distance for inter-particle interaction is given as:>*

V, () =AG* exp[hf’;h] (2.15)

Here, A is the decay length for the molecular species in the liquid or solution state, ho is the
minimum separation distance and AGP? is the interaction energy, estimated through surface tension
values obtained from contact measurements. Experimentally, the hydrophobic force determination
involves direct force measurement using the Langmuir-Blodgett technique, surface force apparatus
or atomic force microscope. Deviation of clay dispersion stability in the presence of multi-valent
ions has been reported based on the XDLVO approach, where the variation has been attributed to
hydrophobic effects.>*

The biopolymer materials used in this study are considered hydrophilic due to the —OH and
—NH groups on their surface, while the hydrophobic portions may reside within the biopolymer,
and they will be expected to display greater hydration in water than their apolar counterparts.
However, the hydrophilic nature of the materials could be changed after chemical modification
towards hydrophobic properties; hence, hydrophobic effects could play a vital role in the CF

process.
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Figure 1.5: Schematic illustration of apolar association due to hydrophobic effects in an aqueous
medium.

2.3.2.3 Steric/Electrostatic force

Steric force is known to be a short-range interaction arising from the adsorption of
macromolecules at a surface, which has effects on a separation range comparable to twice the
contour length of the hydrophobic chains of the molecules.>>®* When macromolecules adsorb on
the surface of colloidal particles, they may induce repulsive interactions, which increases the
stability of the colloidal systems. Polymers such as sodium silicates, polyphosphates, and
polyacrylates are usually used to enhance colloidal stability by preventing coagulation.®*-6 Non-
ionic polyvinyl alcohol shifts the shear plane away from the particle surface, which reduces the
magnitude of the zeta potential as well as providing polymeric steric repulsion.®® Polyphosphates
result in a negative increase of the surface charge to promote the electrostatic repulsion between
the particles to induce steric stability. Both steric and electrostatic repulsion may be induced on
colloidal systems when they adsorb polyacrylates, which tend to increase the stability of the
colloidal system.% Phenomena related to entropy effects such as volume repulsion and

interpenetration or osmotic pressure effects are the major cause of steric stabilization.3>*

2.3.2.4 Hydrogen bonding

Hydrogen bonding is a special type of dipole-dipole attractive force which occurs between two
species owing to a through-space interaction such as X—H---O, as illustrated in Figure 2.5. Herein,
X and O are strong electronegative atoms, where O has lone pair electrons.®® Hydrogen bonding

is energetically weaker than ionic and covalent bonds but stronger than dipole-dipole and
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dispersion forces. It is the primary intermolecular force that holds water molecules together and
accounts for the anomalous properties of water.®® Hydrogen bonding is also present in organic
molecules containing —OH and —NH groups.®® For polysaccharide biopolymers such as chitosan
and alginate with —OH and —NH groups, hydrogen bond formation with neutral carboxylic acid
molecules and their anionic derivatives account for the major interaction that governs the

coagulation-flocculation process.
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Figure 1.6: Schematic illustration of intermolecular hydrogen bonding between water molecules.

2.3.2.5 Polymer-solvent interaction

Many thermodynamic properties of polymer solutions such as solubility and phase equilibria
are expressed using the polymer-solvent interaction parameter, . This parameter was introduced
by Flory and Huggins, and it describes the interaction between solvent and polymer molecules in
their lattice model of polymer solution.®” Dissolution of a polymer in a solvent generally forms
random coils, which may be described by a three-dimensional random walk. Other than the
polymer-solvent interaction, there is another interaction between the polymer segments known as
the interaction volume. The interaction parameter () describes the enthalpy of mixing for the
polymer solution. When y = 0, the solvent-polymer segment interactions and the interaction
between the polymer segment are equally favored, and the solvent under this condition is called a
theta-solvent (0-solvent).%” In a good solvent where 3 < 0.5, the polymer-solvent interaction is
energetically favored, and the polymer segments repel each other leading to a less favorable
polymer-polymer interaction. The process is known as a self-avoiding walk, and it describes the
ideal state of the polymer chain where it has expanded interfacial and solution conformations.

Solvent-polymer interaction is energetically less favored relative to segment-segment interaction
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in a poor solvent where y > 0.5, leading to a contracted interfacial and solution conformation.
Polymer-solvent interaction is temperature-dependent, and Flory-Huggins theory predicts that
mixing is governed by an entropic process.®® With water being used as the main solvent for the
dissolution of the biopolymer flocculants, polymer-solvent interaction will be favored, and the
polymer chain will be expanded in solution to enhance the flocculation performance since water

is considered as a good solvent.
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Figure 1.7: Speciation of orthophosphoric acid in aqueous medium at different pH levels.®

2.4 Phosphorus as an oxyanion contaminant
2.4.1 Chemistry of phosphorus

Phosphorus is among the most abundant elements (the 11" most abundant element) in the
earth’s crust. It has high reactivity and hence always found in combination with other elements
such as oxygen.” Phosphorus in its elemental form has four allotropes’ with different physical
and chemical properties, which are white (or yellow), red, black and violet phosphorus. White
phosphorus is very reactive because of its tetrahedral structure, causing ring strain, and it widely
exists as P4.”* Red phosphorus; however, shows more stability since it exists as polymeric chains
(Pn).™ Heating of red phosphorus to 300 °C in the absence of oxygen, or under direct exposure to
sunlight can lead to the formation of white phosphorus.’? Phosphorus is an essential nutrient and
used by plants for growth and development.”® Phosphorus is found in the pentavalent state, with
tetrahedral coordination to oxygen atoms or hydroxyl groups in sewage and other natural water

bodies. It exists in natural water as orthophosphate (inorganic phosphate), condensed phosphate
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(polyphosphate), organophosphate or phosphonate. Orthophosphate is the most abundant form of
phosphorus in water. Orthophosphate undergoes speciation at different pH conditions to form
H3PO4 (pH < 2.0), H2PO4™ (pH ~2-7) or HPO4? (pH ~7-11) or PO+* (pH > 11), as shown in Figure
2.6.%° It is evident from Figure 2.6 that H.PO4 and HPO4* would dominate at the pH at which
natural waters typically exist. Condensed phosphate contains two or more phosphorus atoms that
are coordinated by P-O-P bonds. However, inorganic phosphate, there is P-O-C linkage present in
the compound. All these forms of phosphorus in water bodies exist as soluble or dissolved species
or particulate substances, as shown in Figure 2.6.%%™ Orthophosphates are produced by natural
processes and are found in sewage. Polyphosphates are used for treating boiler waters and in
detergents. Organic phosphates are essential, and their occurrence may result from the breakdown

of organophosphate.”
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Figure 1.8: Phosphorus fractions and examples of compounds that fall under each category.
(Adapted with permission from references’®’").

2.4.2 Sources of phosphorus in water

Under natural conditions, phosphorus is typically scarce in water because it is a nutrient and it
is consumed by plants. However, anthropogenic activities have led to excessive loading of
phosphorus into many water bodies. The major sources of phosphorus in water and wastewater are

obtained from human, domestic and industrial waste’® and run-off from agricultural activities, such
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as the application of fertilizers to the soil for plant growth.” There are three primary sources of
phosphorus in municipal wastewater, and their percentage levels are as follows: human excreta =
30-50%; detergents = 50 — 70 % and industrial (2 — 20 %).%2° For example, in the UK, sewage
effluent and agricultural run-off are the main sources of phosphorus entering rivers, with up to
70% being attributed to sewage discharges.®! In the United States and Canada, phosphorus loading
estimates indicated that the largest anthropogenic sources of phosphorus to the environment are
traced to fertilizer application, manure application, other non-point sources and wastewater
treatment plant discharges.®? In the Netherlands, about 4.2 million tons per year of phosphorus are
obtained from industrial discharges, whereas; 18 million tons per year originate from domestic
wastewater.83 Similar calculations from Krakow (Poland) revealed that about 85% of the total
phosphorus load is obtained from domestic sources.®’ Human wastes often contain orthophosphate
and other biologically related phosphorus-containing compounds, such as nucleic acid and
phospholipids. The major form of phosphorus in domestic and industrial wastewater is condensed
phosphate. Natural water bodies are often contaminated by non-point sources such as natural
decomposition of rocks and minerals, agricultural run-off, erosion and sedimentation, atmospheric
deposition and direct input by animals. This source of contamination is usually appreciably higher
than point sources of phosphate contamination.®* Typical concentrations of the different forms of

phosphorous in water are listed in Table 2.1.%°

Table 1.1: Approximate speciation of phosphate in typical domestic wastewater influent®®

Phosphate Molarity Composition
form mg/L (P) M) (%)
Total 10 320 100
Ortho 5 160 50
Tripoly 3 32 30

Poly 1 16 10
Organic <1 16 <10

2.4.3 Global concerns for phosphorus

Phosphorus is a necessary element for life as it is found in proteins, DNAs, RNAs and enzymes.
It is indispensable for the energetic metabolism (ADP/ATP) of human beings. This makes
phosphorus irreplaceable in this biological function by any other element.” Phosphorus is a plant

nutrient that is essential for plant growth, which makes it the limiting factor in plant growth.®
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Phosphorus deficiency in the soil may inhibit plant growth; hence, it is often employed to croplands
in the form of fertilizer or synthetically as single or triple superphosphate or mono-ammonium or
diammonium-phosphate.®® This phosphorus from the cropland may enter into water bodies via
erosion and agricultural runoffs. However, excess levels of phosphorus in water bodies can cause
eutrophication. Eutrophication leads to algal blooms, aquatic plant growth, taste and odour
problems, and oxygen depletion in the water column.®”-8° Eutrophication of water bodies may be
accelerated when phosphorus concentrations are between 0.1 and 0.2 mg/L. Compared to the
phosphorus levels (0.2-0.3 mg/L) considered critical for plant growth, which indicates that the
order and the magnitude of phosphorus in water bodies are more sensitive. Hence, small additions
of phosphorus can lead to a significant change in the aquatic environment.’®

Global usage of phosphate has significantly increased over the past years due to the continuous
increase in the human population. This remarkable growth in the global population is therefore
expected to increase the phosphorus required for agricultural activities. At present, 82% of total
phosphorus mined is used in agriculture, while 7% are used in animal feed. The remaining 11% is
used in industries such as medicine, pharmaceuticals, oils, detergents, and textiles.8%-% It has been
estimated by the Water Management Institute that the production and use of phosphorus will
increase by 70% due to the growth rate of the global population.”*#% This shows that that
phosphorus levels in water bodies will potentially increase accordingly, which will, in turn, lead
to eutrophication. Many countries around the world are concerned about phosphorus levels and
the risks it poses to water quality. For instance, in the UK, the Code of Good Agricultural Practice
for the protection of water quality urges that organic manure application rates must correlate with
crop phosphorus uptake for rotation of soil containing more than 25 mg/L. Again, in the United
States, it is required of all states to adopt the phosphorus index approach that rates the potential for
phosphorus loss in runoff based on the source and transport characteristics of the site.®* In the
Netherlands, excess phosphorus in the soil has led to increased phosphorus leaching losses and
environmentally acceptable nutrient losses.?®

Phosphorus in water is usually present as dissolved phosphate. For the effective removal of
dissolved phosphate, it must first be converted into a solid phase followed by the removal of this
phase from the mainstream. The removal of phosphorus in wastewater has been investigated using
different experimental techniques, such as adsorption®1%!, biological phosphorus removal%104,

magnetic-based removal using Schwertmannite!®, electrocoagulation!®1% — membrane
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process!®®10 and chemical precipitation.**1*3 Amongst these techniques, chemical precipitation
is the most frequently used method. The advantages of the use of chemical precipitation, using
salts of Fe(l11) or Al as FePO4 or AIPOg, in the removal of phosphate are that they are relatively
tolerant to toxic compounds, have lower space requirements, and, therefore, a lower installation
cost. They can handle higher hydraulic loads and may be used as a pre-treatment stage for
biological systems, which become more efficient in dealing with lower biochemical demand
effluents.!** Chemical precipitation is also cost-effective, flexible and simple. It can be used to
assist phosphorus removal in aerated biological wastewater treatment units.*

Phosphorus levels in wastewater can be chemically analyzed using colorimetry, ion
chromatography, or inductively coupled plasma optical emission spectroscopy, as outlined in
Section A9.2.1 (Appendix A).
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Figure 1.9: Schematic illustration of coagulation-flocculation process.*®

2.5 Coagulation-flocculation
2.5.1 Background

Coagulation-flocculation (CF) is a physicochemical process used for separating heterogeneous
(colloidal suspensions) and homogeneous (dissolved solids) mixtures.> The CF process has been
employed in the wastewater treatment system, where it is used in primary, secondary or tertiary
wastewater treatment processes. Wastewater obtained from different industries usually contain
very finely suspended solids, metals, dissolved solids, colloids, inorganic and organic materials
and other contaminants. The formation of particles with large mass for rapid sedimentation is
problematic due to their fine size and surface charge.® Therefore, the removal of these

contaminants from wastewater has become a global challenge for most industries in developed and

30



developing countries.*48891-93.117-122 The CF process has proven to be an efficient solid-liquid
separation process for the removal of suspended and dissolved solids, colloids, organic and
inorganic contaminants in industrial, agricultural and municipal wastewater.*120-122

Coagulation is the process by which colloids, suspended, dissolved and very fine solid particles
in an aqueous environment are destabilized to ensure that they can agglomerate to form a large
mass of solids for enhanced entrapment or filtration.>!2 It usually involves neutralization of the
surface charge of the colloidal particles to reduce their stability and to enhance microflocs
formation. On the other hand, flocculation refers to the process in which destabilized particles
undergo conglomeration via gentle agitation or stirring to form large aggregates so that they can
be separated from the bulk wastewater by filtration, sedimentation, entrapment or flotation.>? CF
is a stepwise process where the flocculation process follows immediately after the coagulation
process, as illustrated in Figure 2.7. The CF process is induced by the addition of coagulants and/or
flocculants, which destabilize and aggregate the finely dispersed or dissolved particles to form
macroflocs, which can settle rapidly. Common coagulants that are used are cationic metal salts
such as FeCls, FeCl,, Al2(SO4)3, and CaCl., along with polyelectrolytes (polymers) which could
be cationic, anionic or non-ionic that are employed as flocculant materials.> Generally, the colloids,
suspended or dissolved particles have a negative surface charge in an agueous medium. Hence,
once the coagulant is added to the wastewater, the inorganic metal salt undergoes hydrolysis
instantly at its IEP to form soluble and insoluble cationic hydroxide species, which then causes
destabilization of the colloidal particles via charge neutralization and then form microflocs. The
microflocs formed during the coagulation process are small and fragile and can readily break upon
exposure to shear stress. Also, the flocs obtained herein, have little or no tendency to settle; hence
there is a need to improve the floc properties and enhance rapid sedimentation. This is achieved
by the addition of polymer flocculants or coagulant aids during the flocculation process. The
flocculation process involves slow mixing or agitation to bring together and agglomerate the slow-
settling microflocs to generate larger and denser flocs, hence facilitating their removal in
subsequent sedimentation, filtration or flotation. Other than increasing the solidity, density and
floc size, the use of the polymer flocculants significantly reduces the metal coagulant dosage
required and increases the reliability of the coagulation-flocculation process and the contaminant
species uptake or removal capacity.?* Several reports have shown that the combined use of

inorganic coagulants with polymer flocculants in binary or ternary systems leads to a reduced
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dosage of the coagulant, reduced sludge volume and formation of larger and denser flocs with
improved settling ability. In addition, the use of the polymer flocculants results in improved
removal efficiency of the contaminants in wastewater.!1%125-127 The conventional method for
performing the CF process in the laboratory involves the use of the jar test apparatus, as described
in Section A9.2.2 (Appendix A).

2.5.2 Coagulation-flocculation kinetics

During coagulation, there is a destabilization of the colloidal particles via charge neutralization
to form microflocs. The destabilized microflocs aggregate through particle-particle collision to
form larger and denser flocs with a greater tendency to undergo sedimentation. The interparticle
collision in the flocculation process can occur by two processes, namely, perikinetics and

orthokinetics.?®

2.5.2.1 Perikinetics flocculation

Perikinetics occurs due to the Brownian motion associated with the destabilized microflocs.
The movement of the particles close enough for agglomeration to occur is controlled by Brownian
motion. Perikinetic flocculation is applicable to small particles with a particle size of about 1.0
um, where the surrounding water molecules continuously bombard them. The rate of floc
population is dependent on the concentration of particles and temperature according to
Smoluchowski.?® The rate coefficient of collision for two uneven spheres with radii r1 and r- is

given by equation (2.16).

K, = 2k, T (rl+r2] (2.16)
3n nhr

Equation (2.16) reduces to equation (2.17) when the particles have equal radii, where ki is

1.23 x10Y" m3s* at 25 °C for aqueous suspensions.

k, =——"— (2.17)
During flocculation, each collision of two primary particles leads to the formation of an aggregated

species; hence, there is a net loss of one particle. Therefore, the rate of decrease in the total number

of particles in the early stages is given according to equation (2.18).1%°
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Here ka is the rate coefficient (ki2) given in equation (2.17). Equation (2.18) can be integrated to
obtain equation (2.19), where the total number of particle (nr) at time t can be evaluated.?1?°

n = N Ny
1+k,ngt 1+%

a

(2.19)

Here, no is the initial concentration, ta is the aggregation time in which the number is reduced to
one-half for small concentration. Perikinetics is only effective for small particles; hence, the rate
of floc growth cannot be adequately sustained for an effective phase separation when the size of
the flocs increases. Also, only minute particles can be removed in this process since the formed

microflocs have poor settling properties because the process is limited by the floc size. 13131

2.5.2.2 Orthokinetic flocculation

Orthokinetic flocculation is based on the generation of velocity gradient within the wastewater
to enhance particle interaction. In this case, a mild agitation promotes the production of the
particles to form larger and denser flocs. This induces contact between the particles via bulk fluid
motion (gentle motion of fluid). Herein, the rate of collision depends on the particle’s nature, such
as size, concentration and velocity shear gradient of the fluid.**32 The kinetics of particles greater
than 1.0 um are controlled by orthokinetics aggregation. Fluid molecules undergo both spatial and
temporal (space and time) variation when the bulky fluid is mechanically agitated. According to
Smoluchwski'?8, the collision coefficient for a shear rate (velocity gradient, G) for an unequal

particle is expressed according to equation (2.20)
3
Ky, =ZG(r1+r2) (2.20)

The size of the particles has a strong influence on the collision rate coefficient. When equation
(2.20) is combined with equation (2.18) for a stricter condition where the primary particles have

equal radii, equation (2.20) can be re-written as.!2%133

dn, 16 , . 5
=" 1 °Gr 2.21
at 3 e ( )
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Equation (2.21) is limited to the very early stages of aggregation, where most of the particles are
still single since the rate of collision is dependent on the size of the particles. However, using the
volume fraction, ¢ (cf. equation (2.22)), a simple transformation can be obtained, which allows
equation (2.21) to be written as shown in equation (2.23):12°

4rr®
p=—T1 (2.22)
3
dn, __AGen, (2.23)
dt T

Equation (2.23) can be solved using integration under the condition that during the aggregation,
the volume fraction remains unchanged to obtain equation (2.24).%°

:—; - exp(—@j (2.24)
Equation (2.24) indicates that the mean particle number will increase exponentially with time since
the total particle concentration will have an exponential decrease. Compared with the perikinetic
flocculation, where aggregation rises linearly with time, these two processes have a different
growth rate of the aggregated particles.**?® The difference in the particle growth rate for
perikinetics and orthokinetics is shown in Figure 2.8, where a decrease in particle number with
time is shown for both cases. Figure 2.8 represents calculations for an aqueous suspension
containing 1.0 pm diameter particle at a concentration of 10® m= at 25 °C. Details of the

perikinetic and orthokinetic flocculation processes are reviewed elsewhere,25129.132-135
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Figure 1.10: Relative decrease in total particle concentration (expressed as nt/no) for perikinetic
(Eq. 2.19) and orthokinetic (Eq. 2.24) aggregation (Obtained with permission from reference?°).
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2.6 Factors affecting coagulation-flocculation
2.6.1 pH effect

The efficiency of coagulation-flocculation is significantly influenced by the pH of the
wastewater effluent. The surface charges of the colloidal and dissolved particles in wastewater are
dependent on pH, which significantly affects the charge neutralization process.'® Increasing the
pH enhances negative charges of the colloidal and dissolved particles, whereas decreasing the pH
reduces the negative surface charge. At high pH conditions, colloidal particles in an aqueous
environment become more stable, which leads to reduced removal efficiency.’®” Different
coagulants and flocculants show varying dependence for effective efficiency, where their
solubility, precipitation and hydrolysis reaction is dependent on the pH of the solution. For
instance, various hydrolysis reactions occur immediately to form aluminium hydroxide species
when aluminium salt is dissolved in water, with the help of OH" to produce different hydroxide
species of aluminium, which are strongly pH dependent.®°13-141 At pH >7, there is rapid formation
of amorphous precipitates, which leads to particle entrapment via sweep-floc with reduced removal
efficiency. Charge neutralization followed by adsorption is favored at low pH due to the low degree
of polymerization of the aluminium, which leads to the formation of AI(OH)s precipitates, which
adsorb the neutralized colloidal particles.**? Hence, maximum CF occurs at the optimal pH, where
enough dose of effective coagulant is obtained. At the optimum dosage, the effects of coagulant
species can completely destabilize the suspended or dissolved particles to ensure maximum
formation of microflocs. At pH above the optimal values, there is particle restabilization due to
charge reversal, which reduces the removal efficiency. Ferric metal salt behaves similarly to

aluminium salt under the same conditions.42143

Hybrid inorganic polymer coagulants with additive in their matrix have been shown to have a
wider pH performance. For instance, PA-SIiC has been reported to have a wider optimal
coagulation pH range (6.0-8.5) relative to that of PACI in removing oil from refinery effluent.}44
Also, PFSIS has a wider pH range (5.0-9.0) for the removal of the turbidity compared to
Fe2(S04)s3.1* Other inorganic hybrid coagulants reported with more extensive pH coagulation
range are PZSS, PAC-PDMDAAC, PFC- PDMDAAC, PAC-EP-DMA.'* Synthetic and natural
polymer flocculants are sensitive to pH variation for effective flocculation of colloidal particles.
For instance, at acidic conditions below the pKa (6.2) of chitosan, the biopolymer material

undergoes protonation and becomes positively charged. Under this condition, the colloidal
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particles are prone to aggregate into larger flocs due to the presence of the positively loose charged
particles to bind with the negatively charged colloidal or dissolved particles.'*® On the other hand,
at pH above 6.2, the surface charge of the chitosan becomes negatively charged due to
deprotonation at the surface, causing electrostatic repulsion between chitosan and the colloidal
particles, which would reduce flocculation efficiency via a polymer bridging mechanism. To
improve flocculation properties of this natural polymers, several chemical modifications such as
grating with synthetic or natural polymers, etherification and quaternization, as well as polymer
composite formation, have been carried out to alter the surface charge to enhance their

performance over a wide pH range.*1%!

2.6.2 Coagulant and flocculant dosage

Coagulant and flocculant dosage are one of the most significant factors that affect the CF
process. To maximize the interaction between the coagulant/flocculant and the colloidal particles,
establishing an optimum dosage of the coagulant/flocculant is important.*?° Hence, the effect of
coagulant/flocculant dosage on CF performance has been extensively investigated. Generally,
overdosing or underdosing will lead to poor performance in flocculation; hence it is important to
evaluate the optimum dosage of the coagulant or flocculant to minimize the dosing cost, sludge
formation, and to obtain the optimum performance in the treatment process.’ The effect of
coagulant/flocculant dosage on CF performance has been divided into three categories.’*” (i)
presence of insufficient dose of the coagulant/flocculant for the destabilization of the colloidal
particles; (ii) addition of enough coagulant/flocculant to effectively destabilize the colloidal
particles; and (iii) excess dosage of coagulant/flocculant leading to charge reversal effects and
restabilization of the particles. Generally, the coagulant/flocculant dosage required depends on the
content of the colloidal, suspended and/or dissolved particles in the wastewater. The contaminant
removal efficiency is assumed to increase with increased addition of the coagulant/flocculant until
it reaches an optimal value, and further addition leads to a decrease in the removal efficiency.4®
In the first category, insufficient or low dosage of the coagulant/flocculant leads to weak and
incomplete charge neutralization and bridging effects; thus, the particles remain stabilized.
However, at zone three, overdosing will cause sludge particles to be covered by the
coagulant/flocculant, leading to the regeneration of the suspension stability of flocs, i.e.,
restabilization effect.!?! The presence of excess coagulant/flocculant can be observed when the

applied dosage reaches an inflection point known as a critical coagulation concentration.® Beyond
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the optimum dosage, restabilization may occur when bridge formation between adjacent particles
is prohibited by the absence of adsorption sites, as most of the sites are occupied by the polymeric
species.

For metal salt coagulants below the optimum dosage, destabilization of the colloidal particles
occurs via ionic strength effects in terms of electrical double layer depression by oppositely
charged ions, however, for greater coagulant/flocculant dosage beyond the optimum value, sweep-
floc coagulation dominates.'*® Overdosing of the coagulant/flocculant often leads to a reduction in
the CF efficiency, where charge patching mechanism is predominant, and the flocculation window
is broadened accordingly. The use of organic cationic, anionic or non-ionic polymer flocculants
results in interparticle bridging mechanism being dominant due to the presence of —OH groups on
the polymer chain and higher molecular weight of the polymer.* It is recommended that a lower
dosage of the polymer flocculant be used to reduce organic matter content in the treated water and
to reduce the sludge volume. Several reports have shown that the optimum coagulant/flocculant
dosage can be evaluated from zeta potential measurement, where the optimum dosage can be
indicated by the IEP (zero zeta potential) of the floc or supernatant.'?® The zeta potential of the
flocs or supernatant will be negative, near-zero or positive at below the optimum dosage, at the
optimum dosage and beyond the optimum dosage, respectively. The relative coagulant/flocculant
dosage required for effective CF performance is dependent on the type of coagulant or flocculant,
especially during charge neutralization, which is affected by the valency of the coagulant or
flocculant following the Schulze-Hardy rule.**®

2.6.3 Mixing speed and time

Coagulation-flocculation performance is significantly affected by mixing (stirring) conditions
such as speed and time. In the CF process, adequate mixing is important because it enhances
contact between the coagulant or flocculant with the colloidal particles in the wastewater to ensure
floc formation.'*® Generally, during the CF process, two mixing rates are required, which are rapid
mixing for a short time and a slow mixing for a longer time. The rapid mixing, which represents
the coagulation process, ranges from 100 to 700 rpm for 0.5 to 5 min, and this process allows
uniform and adequate dispersion of the coagulant into the wastewater to stabilize the colloidal
system, particulate matter, and dissolved solids.® On the other hand, the slow mixing illustrates the
flocculation process, and it ranges from 20 rpm to 100 rpm for 10 to 60 min, and this process
allows gentle collision of the destabilized flocs to form macrofloc by limiting the breakdown of

37



aggregates via an orthokinetic flocculation process.'*® Mixing in the CF process is a critical factor
because it improves the rate of adsorption of the formation of the floc owing to the increased
probability of particle collision rate.?>*°! The rate of mixing (fast and slow) influences the strength
and the size of the flocs as well as the flocculation efficiency. At longer fast mixing time during
the coagulation process, stronger but smaller flocs are formed, but larger flocs are obtained at
relatively shorter fast mixing.'® The formation of the smaller flocs is due to the presence of lower
collision efficiency of small flocs owing to increase in the shear rate and floc breakage to limiting
sites. The importance of the mixing time relative to mixing speed is that it allows successful
collision efficiency by ensuring adequate time for the destabilized particles to rearrange into more
stable and compact flocs.* The coagulation efficiency has been reported to decrease when the
mixing speed is too rapid, and stirring time is prolonged even though the collision frequency of
the flocs is always assumed to increase with stirring time and speed.*®15! When the mixing rate
increases, the flocs are irreversibly broken into smaller particles, which reduces the CF efficiency.
There is a reduced or inadequate contact between the coagulant or flocculant and the colloidal
particles when the mixing speed is slow, and time is short, which results in the formation of smaller
flocs with reduced resistance to shear stress and reduced CF performance.® Therefore,
appropriate mixing time and speed is needed to ensure maximum coagulation-flocculation activity.
For instance, when alum is used in wastewater treatment, the rapid mixing lead to adsorption and
restabilization mechanism due to fast hydrolysis of Al species and formation of hydroxide
precipitates.* Addition of polymer flocculant during the slow mixing period leads to formation of

aggregated macroflocs via polymer bridging.*?

2.6.4 Settling time

The efficiency of the CF process is markedly affected by the strength and settling speed of the
flocs formed during the process. The ability of the flocs to settle rapidly after the CF process is
largely dependent on the size of the flocs (particle size), particle density and liquid density. Using

Stokes law, the settling velocity of the flocs can be estimated using equation 2.25.1%

_ 29r2(d1 _dz)
9

Y (2.25)

Here, V is the settling velocity of the particle, r is the radius of the particle, d: and d> are the

densities of the particle and the liquid, # is the coefficient of viscosity and g is the gravitational
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constant. According to Stokes law, small particles will have less tendency to settle and would take
a long time, compared to larger flocs. This indicates that the characteristics of the flocs has a direct
influence on CF efficiency. Hence, in the CF process, the production of smaller flocs reduces the
efficiency due to reduced settling velocity, fragility and the inability to separate them from the
bulk treated water.'>* The size of the flocs generally depends on the type of coagulant or flocculant
used and the nature of the wastewater. Generally, the use of coagulant produces microflocs with
small size and fragility, hence, have poor settling ability. However, the use of flocculant is known
to produce larger, denser and compact macroflocs that are more effective in settling rapidly.* The
ability of flocculants to generate larger flocs is due to the adsorption of polymer and bridging
involving long-chain polymers, which is the primary dominant mechanism. Several reports have
shown that the use of natural biopolymer flocculants produces larger flocs with faster settling
velocity within a short period compared to the use of inorganic coagulants such as alum and ferric
chloride. 15215515 The larger molecular weight of biopolymer flocculants is known to form larger
and stable flocs through rapid aggregation of particles of enough size to enhance rapid settling

velocity.

2.6.5 lonic strength

The ionic strength of a given solution is defined as a measure of the concentration of ions. The
ionic strength of the medium significantly affects the structural properties of polyelectrolytes in
solution and hence, the CF efficiency. As the ionic strength increases, the velocity of the
polyelectrolyte solution decreases.’®" 158 Also, it influences both charge density and chain
conformation of ionic flocculant according to counterion condensation theory.'*® Since the
solution velocity decreases as the ionic strength increases; similar charge sites are shielded and
permit the polymer to fold and assume a smaller hydrodynamic volume, which is manifested in
the flocculation process.'?* When the CF process is dominated by charge neutralization, increased
ionic strength effectively reduces the electrical double layer of the colloidal particles in the
wastewater. Also, for high molecular weight ionically charged polymer flocculants, bridging
mechanism prevails as the ionic strength decreases due to an increase in the effective particle
radius caused by an expansion of the polymer, as the solution viscosity decreases. Studies have
shown that increasing the ionic strength for chitosan-based flocculants usually enhances the

removal efficiency.1%9160
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2.6.6 Polymer molecular weight and structure

Structural factors of the polymer flocculants such as charge density, molecular weight (MW),
and degree of deacetylation (DD) significantly influence the flocculation efficiency. Increasing
MW of the polymer flocculant increases its hydrodynamic size according to equation (2.26).2

R" =M. * (2.26)

w

Here, R™ is the hydrodynamic size, My is the molecular weight, and y is the polymer-solvent
interaction parameter, which is characteristic of the solvent. As the relative MW increases, the
more extended conformation of the macromolecular chain in water increases the bridging and
sweep-floc of the polymer.’® Effect of polymer MW on flocculation is mostly described by
bridging and electrostatic patch mechanisms. Increased MW of anionic, cationic and non-ionic
polyelectrolytes increase the flocculation performance via polymer bridging, irrespective of the
charges on the polymer, because the polymer is adsorbed, which then extend away from the
particle surface and is slower to reach equilibrium. For anionic polyelectrolytes, even though there
could be repulsive interaction with the negative surface of the colloidal particles, it serves to
enhance the extension of the polymer chain through mutual charge repulsion, which increases its
degree of contact. Increasing the molecular weight beyond a certain point decreases the CF
performance due to steric repulsion between polymer segments. Previous reports have shown that
the use of high MW chitosan showed significant flocculation efficiency compared to low and
medium MW chitosan in the reduction of turbidity in wastewater.>>16%162 Native biopolymers
such as chitosan, alginate, cellulose and starch have been modified chemically to increase their
MW to enhance their flocculation performance.’®2%:-167 |n addition, for chitosan-based
flocculants, increasing the DD increases the efficiency of the CF process.'®* This occurs because,
as the DD increases, the number of free amine groups on the chitosan increases, leading to
improved positive charge density, thus promoting both charge neutralization and bridging
mechanisms by extended conformations owing to intramolecular electrostatic repulsion. The
positive charge density of the polymer flocculant can be enhanced by external factors such as pH
and ionic strength of the medium by changing the protonation of the polymer in solution and the
counterion condensation effects.!?! Several studies have been carried out which show that the
effectiveness of chitosan in the removal of colloidal and dissolved species in wastewater is

dependent on its molecular weight.161.162.166.167
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2.6.7 Temperature

The removal of colloidal, suspended and dissolved particles in wastewater by CF process
requires the transport of the particles by perikinetic collision, which is temperature-dependent, as
discussed in Section 2.5.2.1. Hence, the temperature has a significant influence on the CF activity
since it affects the collision rate and particle transportation by altering the density and velocity of
the suspension. Variation in temperature is known to change the flocculant dosage; in that, a lower
flocculant dosage is required at high temperatures.*!% This effect is based on two phenomena.
Firstly, as the temperature increases, the polymer flocculant tends to have more extended
conformation owing to their improved solubility, and hence, better flocculation performance.'?
Secondly, the viscosity of the liquid medium decreases as the temperature increases, which
subsequently increases the Brownian motion of the colloidal particles and enhances their collision
frequency and rate, leading to the formation of larger flocs.?® Coagulation efficiency of metal ion
salts such as alum at lower temperatures is less effective due to decreased hydrolysis and
precipitation Kinetics, relative to fully hydrolyzed coagulants such PACI.* As the temperature
decreases, the rate of particle aggregation is impeded and reduces perikinetic collision.®® A recent
study by You et al. (2017)%8 showed that the flocculation performance of cationic polysaccharides
decrease as the temperature increased. At high temperatures, the molecular thermal motion of the
flocculants intensified and trended to set itself free from obstacles of kaolin particles. However,
other several reports have shown that the optimal dosages of coagulant or flocculants usually
decreases as the temperature increases over a suitable range.1’%1"* It has been reported that lower
flocculant dosages are required in summer, whereas higher dosages are needed in winter for equal
coagulation performance due to increased viscosity of the suspension and decreased Brownian
motion of the colloidal particles as the temperature decreases.!’* According to Shak and Wul’?,
there was a significant improvement in the removal efficiency of POME at high temperatures (up
to 90 °C) for the removal of TSS and COD when organic polymer flocculant was used. It has been
postulated that when adsorption is the main mechanism of the CF process, temperature has little
or no influence on the flocculation efficiency, however, the temperature has a significant effect

when the CF process occurs via charge neutralization and/or particle entrapment.t’
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2.7 Coagulation-flocculation mechanisms
2.7.1.1 Charge neutralization

When inorganic mineral salts are added to wastewater, the contaminants are predominantly
coagulated by charge neutralization. In this case, the positive charge on the metal ion neutralizes
the negatively charged sites of the contaminant particles. However, the use of inorganic salts
requires a high dosage of the salt, and subsequently, the production of a large volume of sludge.
In addition, the pH of the solution is altered when inorganic salts are used in the CF process.
Organic polymers can be used as a primary coagulant and give equally and perhaps better
precipitation of the contaminants compared with that of the use of inorganic salts. Because
contaminants in water are negatively charged, cationic polyelectrolytes are most effectively used
as coagulant aids. The polymer acts as a destabilizing agent through charge neutralization and
precipitation mechanism due to the electrostatic attraction between the positive charge on the
polyelectrolyte and the negative charge on the contaminants. Hence the growth of microflocs to
macroflocs occurs through flocculation due to the reduced surface charge of the particles
(reduction of zeta potential), and accordingly, a decreased electrical repulsion force between
colloidal particles, which allows the formation of van der Waals force of attraction to encourage
initial aggregation of colloidal and fine suspended particles'?®, as shown in Figure 2.9. Effective
removal of turbidity and other dissolved contaminants such as phosphate occurs best when there
is zero net charge on the particles, thus when the mobility or zeta potential of the particles is close
to zero.!” Studies have shown that polyelectrolytes with high charge density deliver more charges
to the surface of the contaminants, and are more effective than those of low charge density.!
Lower molecular  weight, high charge density  polyelectrolytes, such as
polydiallyldimethylammonium chloride (poly-DADMAC) was shown to be a more effective
coagulant. High charge density polymers tend to adsorb in a rather flat orientation, hence there is

a little avenue for bridging interactions.’*
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Figure 1.11: Schematic view of a charge neutralization flocculation mechanism. (Adapted with
permission from reference!™).

Electrostatic charge patching is a type of charge neutralization mechanism that occurs when the
polymer dose is low.1"®17 It occurs when the particle surface is partially covered as in the initial
stages of adsorption. Electrostatic patching occurs because when a highly charged cationic
polyelectrolyte adsorbs on a negatively charged surface to give overall neutrality, it is not possible
physically for each charged surface site to be neutralized by the cationic polyelectrolyte unit. This
is because the average distance between surface sites is greater than that between the charged
segments along the polymer chain. When this occurs, the polymer adsorbs, where there are
domains of opposite charge of the floc to that of the polymer, resulting in a local excess of charge
associated with the polymer, but leaving patches or islands of the charge of the floc'’8, as shown
in Figure 2.10. Flocculation occurs upon electrostatic attraction between the positive patches and
the negative area, which can lead to particle attachment when they approach each other.
Electrostatic charge patching depends on the condition of mixing since it occurs as soon as the
polymer is added. Flocs formed from this mechanism are not as strong as those formed from
bridging mechanism, and flocs may break up but reform more readily.!”® However, flocs formed
from this mechanism are stronger than those formed in the presence of inorganic metal salts or by
simple charge neutralization. This mechanism is favored by high molecular weight polymers, a

high charge density and low ionic strength.&
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Negatively Cationic polymer Charge neutralization
charged particles flocculants. flocculation by patch mechanism

Figure 1.12: (a) Negatively charged particles. (b) Cationic flocculants. (c) Charge neutralization
flocculation by patch mechanism. Arrows in (c) show the attraction of opposite charges. (Adapted
with permission from reference!’).

2.7.2 Polymer bridging

Polymer bridging involves the formation of macroflocs from microflocs produced by
coagulation with inorganic metal salts or cationic polyelectrolytes through a flocculation process
by the addition of polymers. In this process, polyelectrolyte bound to a floc particle has loops and
dangling/tailing chains that can attach to nearby particles, as depicted in Figure 2.11a.1® The
mechanism is favored, and the best results are obtained when long-chain polymers without a high
level of charge are used.'® Usually, the characteristics of the flocs formed following the CF
process will depend on the dose of the metal ion and polymer used. However, the net charge is
often close to zero, slightly positive, or somewhat negative, according to zeta potential
measurement. The size of the flocs is often increased by interaction with the positive sites on the
flocs by anionic polyelectrolyte.!® Bridging takes place when the adsorbed chains interact with
another floc uniformly, as shown in Figure 2.11b.

In this process, electrostatic and non-electrostatic forces, cause one polymer chain to be
adsorbed on two or more flocs. This occurs when the surface is partly covered, as in the initial
stages of the process, or when the polymer dosage is low. It occurs immediately at the point of the
addition of the polymer and is very dependent on mixing conditions.*® Polymer bridging can give
stronger macroflocs than those formed in other mechanisms. Flocs formed by this mechanism are
resistant to breakage at an elevated shear level. The flocs often grow to a steady-state size, which
is dependent on the applied shear or stirring speed. The stronger the flocs, the larger they can grow
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at a given shear condition.}’#18% Addition of excess polymer flocculant will lead to floc breakage,

as shown in Figure 2.11c, due to excess positive charges causing a reversal effect.

Tail

Figure 1.13: (a) Adsorption of polymer and formation of loops available for binding. (b) Polymer
bridging between particles (aggregation). (c) Restabilization of colloid particles (floc breakup).
(Adapted with permission from reference!™).

2.7.3 Adsorption mechanism

Colloidal suspensions and dissolved materials, either organic or inorganic, are negatively
charged; hence, when there is an affinity between polymer units and the contaminant in water,
adsorption of polymer chains may occur. There is a low affinity between the polymer segment and
the surface site of the contaminants because there are many attachment points on the polymer
chain. Also, the adsorption affinity should be appreciable to outweigh the loss of entropy
associated with polymer adsorption because an adsorbed chain will have a more restricted
configuration than a random coil in a free solution.}’* Polymer adsorption is considered as a non-
reversible process because the likelihood of detaching of all attached segments of a long chain
polymer is negligible. According to Napper*®, polymer adsorption usually follows three distinct
mechanisms: (i) attached the surface in trains (ii) projecting into the solution as tails and (iii) in
the form of loops, between trains. These models of polymer adsorption are depicted in Figure
2.11a. Interaction of the polymer segments with solvent and the surface sites (contaminants)
defines the measure of tail and loops and hence the effective thickness of the adsorbed polymer

layer.186
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Figure 1.14: Steps involved in the flocculation of particles by adsorbing polymer. (a) mixing of
negatively charged particles with polymer flocculant, (b) adsorption of polymer chains on the
charged particle surface, and (c) rearrangement and aggregation of adsorbed polymer chains.
(Adapted with permission from reference!®).

Adsorption of a polymer segment onto contaminant surface sites could occur utilizing
electrostatic interactions, hydrogen bonding or ion binding. In attractive electrostatic interaction,
polyelectrolyte with a charge opposite to that of the surface site nearby always adsorbs strongly.
Adsorption occurs because of the attractive interaction between oppositely charged ionic
species.’ Electrostatic adsorption occurs in a flat equilibrium configuration, without extensive
loops and tails, especially for polymers of high charge density. Salt effects also play an important
role in the electrostatic adsorption process. For example, cationic polyelectrolytes adsorbed on
cellulose fibres could be desorbed by the addition of salts.!”* In the case of adsorption by hydrogen
bonding, contaminants with effective hydrogen bonding surface sites could form hydrogen bonds
with polymers such as polyacrylamide and polyethylene oxide as well as other natural polymers
such as chitosan and alginate and their modified derivatives.'®” With regards to ion binding
adsorption, anionic polyelectrolytes can adsorb onto negatively charged surfaces of the
contaminants in water, even though there is electrostatic repulsion. This type of adsorption is made
possible if there is a sufficient concentration of divalent metal ions present.’® Calcium and
magnesium ions can act as bridges between anionic polyelectrolytes and the negative sites on the
surface of the contaminants. In the absence of a divalent cation, no flocculation takes place even
at quite high ionic strength. However, polyacrylamide could be adsorbed on the surface of
negatively charged species and form precipitate and be flocculated at a moderately low
concentration of calcium.'®® Figure 2.12 represents the adsorption mechanism, where three

processes are involved. Initially, the polymer flocculant is mixed with the negatively charged
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materials. Secondly, the polymer chains are then adsorbed on the surface of the negatively charged
particles via hydrogen bonding, ion binding or attractive electrostatic interaction. Finally, the
adsorbed polymer chains undergo rearrangement and then flocculate via aggregation to form

macroflocs.

2.8 Flocculation kinetics, adsorption isotherms and thermodynamic parameters
2.8.1 Flocculation kinetics

Studies on the adsorption kinetics and adsorption isotherms in coagulation-flocculation process
IS important to understand the adsorption behavior of the phosphate and the colloidal particles
during the flocculation. The contact time between the bioflocculants and the contaminant species
is an important parameter for the flocculation process. This is because it provides information on
the flocculation kinetics of the phosphate or colloidal particles for a given initial concentration of
the bioflocculants.’®® Hence, it is necessary to study the effect of the contact time on the
flocculation ability of the biopolymers toward phosphate and colloidal species. Several adsorption
kinetic models have been used to describe the kinetics of contaminants, such as dyes and colloidal
particles, flocculation by polysaccharide-based flocculants.*®® Two kinetic models, pseudo-first-
order (PFO)!2 and pseudo-second-order PSO)'®® are generally employed to model the
experimental data over the process. The non-linear PFO and PSO kinetic models are defined

according to equations (2.28) and (2.29), respectively.

0, =0,(1—e ™) (2.28)
_ kzqezt
%=1 ot oot (2.29)

Here, ge and q: (mg-g™) are the adsorptive removal capacity at equilibrium and variable time (t)
via the flocculation process, respectively. ki and kz are the rate constants for the PFO and PSO
kinetic models, respectively. Several assumptions were made in establishing these kinetic models.
These include:*** (i) adsorption occurs at specific sites, and there is no interactions between the
adsorbates, (ii) the adsorption energy is independent of the surface coverage, (iii) attainment of
monolayer coverage on the surface of the adsorbent that leads to maximum adsorption, (iv) the
concentration of the adsorbate does not change, and (v) adsorption of the adsorbate is controlled

by a first-order and second-order rate equations for the PFO and PSO models, respectively.
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2.8.2 Adsorption isotherms

Flocculation adsorption phenomena can be described through isotherms. Adsorption isotherms
are important for identifying the interaction of the adsorbates on the adsorbents and the
optimization of the adsorbent.!®® Langmuir, Freundlich and Sips adsorption models are the most
frequently used to describe flocculation processes of colloidal particles and dissolved species. In
this thesis study, these models are employed to understand the adsorption processes during
flocculation for single-component and multicomponent systems. Adsorption isotherm fitting with
a model equation is necessary to elucidate the flocculation mechanism.

The Langmuir adsorption isotherm model assumes that adsorption occurs at specific
homogeneous sites with the adsorbent, and it is given according to equation (2.30).%

On K(C,

=T 2.30
% 1+Kc, (2:30)

Here, qm (mg-g) is the maximum amount of contaminant species per unit mass of adsorbent when
all the binding sites are occupied (absorption capacity) and ge (mg-g*) is the amount of
contaminant species adsorbed at equilibrium. K; (L-g?) is the equilibrium adsorption constant,
which is related to the affinity of the binding sites. The equilibrium constant is related to a
dimensionless constant called the separation factor or equilibrium parameter, R, as given
according to equation (2.31). The adsorption process can be categorized into four groups based on
the value of R. That is irreversible (R; = 0), favorable (0 < Ry < 1), linear (R = 1) and unfavorable
(Ri>1).
|

B 1+K, ¢, (2.31)
The Freundlich isotherm is based on multilayer sorption by assuming that the adsorbent has a

{

heterogeneous surface with non-uniform distribution of sorption sites.!® The Freundlich

adsorption isotherm is given by equation (2.32),

0. =K (2.32)
where Kt is the Freundlich isotherm constant and is related to the adsorption capacity, and n is a
dimensionless constant. It is an empirical parameter that gives valuable information on the shape

of the isotherm. The adsorption process can be classified as unfavorable (1/n > 1), favorable (1/n

< 1) and irreversible (1/n = 0).
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Another important adsorption model is the Sips isotherm, which was developed by R. J. Sips
during his seminal studies on the distribution of adsorption energies of the active sites on catalyst
surfaces.’® This model is composed of a combination of components of the Langmuir and
Freundlich models, as given in equation (2.33).

_ G (KCe)"

2.33
1+(K,c,)" (2.33)

Here, K is the Sips equilibrium constant, and ns denotes the heterogeneous nature of the adsorption
process. This model is useful because it can overcome the limitations of the Freundlich model
since it can predict adsorption onto heterogeneous adsorbents. When ns > 1, the Sips model
indicates that the adsorbent material consists of heterogeneous sites. Also, when ns = 1, monolayer
behavior is described, where the equation converges to the Langmuir model; however, when ns <
1, it describes Freundlich model behavior. The Sips model can describe sorption processes at both

high and low adsorbate concentrations.

2.8.3 Thermodynamic parameters

Thermodynamic parameters can be obtained by performing the flocculation process at different
temperatures. The temperature effect on the flocculation of the oxyanion by the bioflocculants can
be obtained from calculated thermodynamic parameters. The standard changes in Gibbs free

energy (AG°), enthalpy (AH®), and entropy (AS°) can be obtained according to the equations below.

AG® =-RTInK,

(2.34)

AG® = AH® - TAS” (2.35)
InK, = AS®  AH

R RT (2.36)

Here, R is the universal gas constant, T is the temperature in kelvin, and Kp is the equilibrium
constant, similar to that from the Sips and Langmuir isotherms which are given according to
equation (2.37).1°

C
e (2.37)
The value of AG° can determine the spontaneity and the thermodynamic stability of the

flocculation process and the flocs formed. The values of AH® and AS® will be able to throw more
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light on the thermodynamics of the flocculation process. Values of AS® will indicate whether there
is an increased or a decreased randomness of the solid/solution interface during the process. The

driving force (enthalpic and/or entropic) can be evaluated from the values of AH® and AS°.

2.9 Coagulation-flocculation of phosphate
2.9.1 Conventional inorganic coagulants
2.9.1.1 Aluminum phosphate precipitation

Aluminium containing compounds are the most widely used mineral salts for phosphate
precipitation. Some of the commonly used aluminium salts are aluminium sulphate (alum),
polyaluminium chloride (PACI) and sodium aluminate. Alum is the most widely used chemical,
however, PACI is gaining popularity as a result of its polymeric nature and improved removal
efficiency. The reaction between alum or PACI with phosphate in wastewater is complex and no
clear reaction mechanism has been proposed yet.!*® Two schools of thought are available that
describe the reaction between phosphate ion and aluminium ion. Firstly, it is proposed that AIPO4
(s) is the major product formed and precipitated when alum is added to wastewater, according to
equation (REL):

Al (SO,),-14(H,0) +2P0O,> — 2AIPO, | +350,* +14H,0 (RE1)

Studies by Jenkins et al.®® showed that aluminium phosphate is formed and precipitates because
the chemical process is thermodynamically and kinetically favored over the formation of
aluminium hydroxide complexes. However, at low phosphate concentration (< 10 mg/L), there is
competition from the formation of hydroxides, which prevents the occurrence of aluminium-to-
phosphate ratio necessary for aluminium phosphate precipitation.?®

By comparison, the second school of thought proposes that the aluminium ion becomes
hydrated and forms monomer and polymer species with solid products.?’ The formation of the
polynuclear species involved in the dilution is a step-wise process involving a deprotonation-

dehydration mechanism, as presented below:20%203

AI(OH,).%" —> Al(OH,),(OH)?" +H* (RE2)
2Al(OH,), (OH)** — Al (OH,),(OH),*" +2H,0 — Al (OH),,*" -12H,0 (RE3)
Al (OH),,*" -12H,0 — Al (OH),,* -16H,0 —> Al (OH),*" - 24H,0 (RE4)
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Al (OH),,2" - 24H,0 —> Al (OH),,"*" - 28H,0 — Al (OH),,'*" -36H,0 (RE5)

The polymer hydroxyl group on the aluminum serves as an adsorption site for the phosphate
ion. In summary, Aguilar et al.?®* have suggested that when an aluminium-based coagulant is
added to wastewater, these processes occur: (i) phosphate ions are directly deposited on the
hydrolysis products formed by the addition of alum to wastewater, and (ii) removal by the
formation of insoluble phosphate salt with aluminium, according to equation (RE6).

AP +H PO,"® - AIPO, { +nH" (RE6)

This reaction is predominant at low pH values or low alum doses. Georgantas et al.?’* have shown
that removal of metaphosphate ions occurs through a ligand exchange mechanism in which surface
hydroxyl groups on the surface of the precipitated AI(OH)s are exchanged for phosphate ions.
Phosphorus stoichiometry, according to equation (RE6), was designed based on synthetic or model
wastewaters without considering the hydrolysis reaction of Al salts. Fettig et al.?% have suggested
an empirical formula, Al1.4P0O4(OH)1 ., instead of AIPO4. Hence the molar ratio of Al:P shows to
have increased from 1:1 to 1.4:1 for efficient removal of phosphorus. However, the situation is
different in real wastewater treatment and is more complicated than indicated by model waters. A
range of competing reactions occurs when Al salt is added to wastewater, as described previously.
Recent and past studies have shown that for greater and efficient percentage removal of phosphate,
the required dose of aluminium increases, and that all of the doses significantly exceed the
theoretical demand.!3%-141206.207 |y sjtyations of this kind, there is a combination of phosphate
removal and the removal of other impurities, such as colloidal particulate materials and organic
substances. The efficiency of phosphate removal has been shown to be pH dependent, and the

highest percentage removal is obtained at a pH between 5.5 and 6.5.141:208:209

2.9.1.2 Iron phosphate precipitation

Application of iron species for the removal of dissolved phosphate in wastewater dates back to
the early works of Thomas in the 1960s,21%2'* who used ferric chloride and ferric sulphate for the
removal of phosphate ions in water and wastewater. The mechanism involving the reaction when
Fe(lll) is added to wastewater to precipitate phosphate is complicated and does not follow any
simple steps, just like that of the precipitation of phosphate using Al. Ferric chloride is the most
commonly used chemical for the precipitation of phosphate. FeSO4 or FeCl, may be used to

precipitate phosphate from wastewater.?2 However, before Fe(ll) ions can precipitate phosphate
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effectively, it must be converted to Fe(ll1) through an oxidation process. This process depends on
pH, oxygen concentration, catalytic activity and the presence of inhibitory materials such as
sulphur.?2 Iron (111) is known to form strong complexes with pyrophosphate and tripolyphosphate,
and they are then removed by adsorption onto iron(ll1)-hydroxo-phosphate surfaces.’® The
efficiency of the precipitation of the oxidation product for the phosphate removal is dependent on
pH, phosphate initial concentration in the wastewater, iron(lll) dose and temperature.?'®
Precipitation with ferric salt is most effective within a certain pH range. The optimum pH for ferric
ion is 4.5 to 5.0. Studies have shown that at pH > 7, a significant amount of P; is precipitated and
removed by Fe(I11) ions.?**2%® The optimum pH range for Fe(ll) is between 7 and 8.2'7 Studies
conducted by Benedek et al.?*® on phosphorus removal in an orthophosphate system showed that
the removal did not depend on pH below a Fe:POg ratio of 1.5. However, above this ratio, pH had
a significant effect on the removal process because there is a competition between OH" ions and P;
for Fe(111) ions at the point of addition.?**2%! Also, the reaction of bicarbonate ions to form iron
hydroxides and the need to destabilize iron phosphate, as well as other colloids, possibly account
for the stoichiometric excess of Fe(l11) required for the precipitation of phosphate.®
A simplified reaction that occurs between Fe(l11) and P;j ions in wastewater is as follows:

FeCl, +PO,> — FePO, 4 +3CI- (RE7)
The molar ratio of Fe:P is 1:1 and 163.5 g of FeCls will react with 95 g of PO4>. The weight

ratio is 1.8:1 for Fe:P and 5.2:1 for FeClz:P. Based on the stoichiometry of the reaction above, it
is expected the molar ratio between Fe(l11) and phosphate will be unity for effective precipitation
of the phosphate ion in water. However, a previous study has shown that the ratio is significantly
greater than unity for efficient precipitation of the phosphate.®? This increase in Fe(l11) dosage has
been attributed to the competing reaction of other contaminating species with Fe(lll) against that
of the Pi.13 During P; precipitation with Fe(ll1), the metal salt undergoes hydrolysis to form a
range of hydrolysis species including some polymeric hydroxides. The P; is then adsorbed on the
surface of hydrolysis complexes, or they form complex with them. However, other contaminants
present in the wastewater are destabilized by the hydrolyzed species leading to competing
reactions. These account for why an increased amount of Fe(lll) coagulant is required for the
removal of P; due to these competing reactions.

Smith et al. (2008)%15216 have developed an alternative precipitation model for Pi removal based

on experimental and theoretical modeling, which is known as the surface complexation model
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(SCM). It involves the formation of hydrous ferric oxide (HFO) upon the addition of FeCls to
wastewater. The mechanism is based on geochemical reaction modeling techniques which involve
precipitation of HFO, and subsequent precipitation of P; by the HFO, where the P; is occluded into
the HFO flocs. At alkaline conditions, the addition of FeCls to wastewater leads to the precipitation
of HFO flocs. Once the HFO is formed, the removal of P; can occur via several routes, including:?%®

i. adsorption of P; onto HFO;

Ii. co-precipitation of Pj into the HFO structure;

iii. precipitation of ferric Pj; and

iv. precipitation of mixed cation P;j (i.e., calcium, magnesium, iron, or aluminum phosphates,

or hydroxyphosphates).

The SCM is based on the assumption that iron and phosphorus share an oxygen atom which can
be represented by the symbolic reaction in equation (RE8) (omitting charges) where the iron oxide

surface is denoted as FeOOH.

FeOOH + HOPO, — FeOOPO, + H,0 (RES)

Herein, the nature of the oxygen atom at the HFO surface determines the exact reaction that will
occur. The type of reaction that will prevail has been summarized by the MUItiSlte surface
Complexation (MUSIC) model applied to phosphate/goethite interactions.??? This model depends
on the pH of the medium due to competition for surface oxygen and phosphate oxygen by the
proton. The reactive oxygen atoms are known as the active surface sites and their availability is
influenced by mixing and aging conditions.?*®

Fast mixing leads to greater availability of active surface sites (shared oxygen atoms between
HFO and phosphate species). However, during slow mixing, much of the HFO would form in the
absence of Pj, resulting in a reduced availability of internal oxygen atoms for binding or
sharing.?'>21® Freshly precipitated HFO has a very open structure and active surface sites for P;
precipitation. However, the HFO structure becomes more compact, as aging occurs in the minerals,
and the surface oxygen atoms become less available for binding. At this stage, even though binding
between the HFO and the Pi may occur, it will be controlled by diffusion processes, indicating that
kinetics could be necessary. A study has suggested that for a longer kinetic data, there is a two-
step process involved, which are fast (equilibrium) step and slow (kinetic) step.??®> The SCM
mechanism is markedly affected by the structure of the HFO, which changes with time as it

undergoes aging and becomes crystalline relative to its initial amorphous state. Increased density

53



of the amorphous HFO structure enhances P; precipitation. This occurs because the more open
amorphous structure increases the availability of the number of oxygen atoms in the HFO for the
diffusion of the P; to the active sites, where oxygen atoms in the HFO and P; molecules can be
shared via covalent bonds, hence enhancing the Pi removal efficiency.?'®> On the molecular level,
in a well-mixed system of ferric ions and P;, the oxygen sharing can take place as the initial iron
hydroxide oligomer precursors of the solid phase are forming; hence, there is molecular
complexation of Pi by soluble hydroxide species. The HFO will contain associated phosphate
occluded into the solid HFO flocs in a well-mixed system during polymerization. During poor
mixing conditions, there is much less Pi occluded in the HFO, leading to an inefficient P;

precipitation,?4224225

2.9.2 Natural polymer coagulant aids and flocculants
2.9.2.1 Chitosan

Chitin and its derivative, chitosan, is among the novel families of natural macromolecules
whose usefulness is becoming progressively evident. Chitin is the second most abundant naturally
occurring polysaccharide after cellulose.??227 It is obtained from the shell wall or exoskeletons as
well as in the internal structure of crustaceans such as crabs, lobsters, prawns, shrimps and some
fungi.?®22"  Chitin is composed of P(1—4)-linked 2-acetamido-2-deoxy-B-D-glucose (N-
acetylglucosamine),??8 as shown in Figure (2.14). The amount of glucosamine groups is negligible
in chitosan; hence, the acetyl groups impart low water solubility due to the extensive intra- and
inter-molecular hydrogen bonding among the monomer units. Chitosan is obtained by partial
alkaline deacetylation of chitin, and it is considered to be a linear polysaccharide.??® It is a
copolymer consisting of N-acetyl-D-glucosamine and glucosamine units (cf. Figure (2.14)). The
chemical structure of chitosan contains many amine (-NH.) and hydroxyl (-OH) groups. Chitosan
has excellent chelating properties, and hence, able to remove heavy metal ions from water.?*
Chitosan is a cationic polyelectrolyte because the active amine groups in its structure can be
protonated in an acidic medium below its pK, value of 6.2.1%* The presence of the cationic charge
on the polymer leads to strong electrostatic attraction between chitosan and anionic contaminants
such as phosphate, nitrate, other metal anions, anionic dyes such as Reactive black 5.121.167231
Characteristic properties of chitosan are influenced by its molecular weight, degree of

deacetylation and crystallinity.?3? Chitosan has been applied in the paper and pulp industry for
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several purposes, such as carbonless copy paper®®

234 233

, as a processing additive for surface treatment

applications=>*, and photographic paper.<** It has also been applied in industries related to
mixtures, coating, blends and textiles such as silk, wool, viscose and cotton.?322% |t has also been
applied in industries such as cosmetics, food, agriculture, biotechnology, dentistry,
pharmaceuticals, biomedical engineering, ophthalmology and chemistry.236-23°

In the past two decades, chitosan has been applied for the treatment of water and wastewater
effluents. However, its application in water treatment has been focused on the binding of dissolved
contaminants by sorption onto chitosan in the solid state.?*° But the literature is much less abundant
on the use of chitosan for the removal of particulate matter and dissolved substances using chitosan
in the dissolved state,!°6:220241-247 |ts application in the solid state for the treatment of contaminated
water has been used for chelation of metal ions in near-neutral (neutral pH) solution, the
complexation of metals ions in acidic solutions and dye complexation using adsorption

processes 226,229,248

H3C
HO Deacetylatlon HO HO
HO HO

Hs Chitin Chitosan

Figure 1.15: Structure of chitin and chitosan. Note: n denotes the number of monomer units and R
represents H or acetyl groups depending on the degree of deacetylation.

Chitosan has unique properties that make it useful as a coagulant and/or flocculant in the
removal of particulate and dissolved substances in water. It has high cationic charge density, long
polymer chains, bridging of aggregate and precipitation in neutral or alkaline pH conditions.?*® It
is also biodegradable and non-toxic.?2”?% It has been used effectively in the treatment of mineral
and organic suspensions?%?52 and the coagulation of negatively charged contaminants in acidic
solutions containing dyes?? and humic acid?*4?>* at pH above the pKa of the macromolecule.

To study the efficiency of chitosan and design suitable experiments for chitosan coagulation
and flocculation, its solubility must be considered. However, the solubility of chitosan is difficult
to control.2°>2% Chitosan can be dissolved in dilute organic acids such as acetic acid and formic
acid, and mineral acids such as hydrochloric acid. In an acidic solution (pH < 5), the amine groups
are protonated, and the polymers become soluble. At this condition, chitosan becomes a soluble
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cationic polyelectrolyte with high charge density.?*>%>" Hence treatment of chitosan with acidic
solution leads to protonated electrostatic interaction between polymer chains and the negatively
charged contaminants.

Different reviews have been written on the application of chitosan for the removal of
contaminants in water using adsorption!?1:122226.240248.255,258.259 and membrane filtration, 260261
respectively. Even though chitosan has been extensively used in their removal of contaminants
from water, most of the studies and the reviews have centred on the recovery of suspended solids
and colloidal particles as compared to the case of dissolved contaminants.® Bough and his co-
workers?%2263 No et al.?®* and Sievers et al.?®® have independently shown that chitosan can be
used to remove suspended solids effectively, turbidity and chemical oxygen demand (COD) in
contaminated waters as much as 65-99%. Chitosan has been used as a flocculant and/or coagulant
aid with significant performance in the removal of humic substances?**2>* metal cations?3#240:248,
inorganic suspensions®32°1 proteins?®®, phenolic and aromatic derivatives?®®’, oil and
grease'®3268269 hacteria?’® and algae®*® suspensions. The novelty of these studies is that the
application of chitosan can perform better than when inorganic metal salts are used. For instance,
chitosan has been shown to be more effective coagulant to remove oil residual content from palm
oil mill effluent compared to alum and PACI.?¢8

Guibal and his coworkers'24® have demonstrated that chitosan can be used effectively to treat
both particulate suspension and dissolved substances. They have successfully used chitosan as a
coagulant and/or flocculant in the dissolved state to remove humic substances and anionic dyes
such as Reactive black 5.251:252.265271-274 Dyjyakaran and Pillai have also shown that algae content
in water can be reduced by using chitosan as a flocculant.?**> However, this process was found to
be controlled by pH. Chitosan has also been shown to be effective in the removal of bacteria and
pathogens.?’%2"® Chitosan has been applied in the removal of phosphate in wastewater using
different techniques or processes other than coagulation-flocculation process.?76-28

Guilbal et al.1®® have shown that the effectiveness of chitosan in the removal of suspended and
dissolved substances in water is better when it is in the dissolved state. This is because the
reactivity of the amine groups increased remarkably in the aqueous phase. The application of
chitosan in the dissolved state improves the accessibility and availability of reactive sites compared

to the solid state.1%®
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Figure 1.16: (a) Chemical structure of alginate. (b) Arrangement of G and M polymer units in
alginate. (c) Egg-box model of Alginate with high and low Ca?* concentrations.?®! Note: n and m
represent repeating units of guluronic acid and mannuronic acid.

2.9.2.2 Alginate

Alginate is a linear naturally occurring polymeric material obtained from structural components
in marine brown algae (seaweed) and also from capsular polysaccharides in soil bacterial.?®? It is
anionic, possessing a negative charge. It occurs naturally in the form of calcium, magnesium and
sodium salts.?®®> Among all polysaccharides, it is the only one that naturally possess two carboxyl
groups in each constituent unit, and exhibits diverse abilities for functional materials.?832 |ts
numerous industrial applications are related to its ability to retain water and other physical
properties, such as viscoelasticity, strong stability, and gelation.?8®> Another essential property of
alginic acid is its ability to react with polyvalent metal cations, especially calcium ions to produce
strong gel or insoluble polymers.23®

Alginate is a linear block copolymer and is composed of f-D-mannuronate (M) and a-L-
guluronate (G) units linked by B-1—4 and o-1—4 glycosidic bonds?®’, as shown in Figure 2.15a.
The viscoelasticity and gel formation ability of alginate is attributed to the block structure and
chain length of the polymer.?82234 The G and M monomer units in alginate can be arranged in three

forms, which are depicted in Figure 2.15b;?® (i) hydropolymeric G-blocks (polyguluronate),
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where the polymer consists of only G-units, (ii) hydropolymeric M-blocks (polymannuronate)
where the polymer comprises only M-units and (iii) heteropolymeric GM-block, where G and M
monomer units alternate with each other. The relative abundance of these blocks in the alginate
structure determines the reaction that alginate goes through especially with metal cations, and
hence the nature of the final product.?®

Even though alginate has been used for water treatment for some years?8®2842% the study of
the effect of alginate on water treatment is still at the level of infancy when compared with other
biopolymers such as cellulose and chitosan. Unlike chitosan, alginate is now gaining attention in
its application in wastewater treatment due to the following advantageous features. It is cost-
effective, possesses no adverse health effects for handling or as an additive to drinking water,
improved sludge dewatering characteristics, an effective flocculant to increase the size and weight
of alum flocs, small dosage is required and does not alter the pH of the solution. It is also
biodegradable and biocompactible.1%22%

In the treatment of water with alginate, it is usually combined with Ca?* solution because they
form an egg-box structure, as illustrated in Figure 2.15¢.2%2 This gel formation property of alginate,
together with other specific reactions with metal cations, makes it an industrially important
biopolymer with a broad range of applications, especially in water treatment. Alginate has been
used as a coagulant and coagulant aid and/or flocculant in wastewater treatment by a few
researchers, as highlighted below. Wu et al.?®® have studied the effect of alginate as a coagulant
aid on the coagulation behavior and floc characteristics of aluminium sulphate (alum). It was
concluded that alginate enhanced the removal of color at low alum dosage than higher ones, with
high flocs recoverability. The coagulation performance of alginate with ferric chloride, alum and
titanium tetrachloride has been investigated by Zhao et al.?® The results showed that when alginate
is combined with an inorganic coagulant, it can remove turbidity and dissolved organic carbon.
Also, the floc growth rate and floc size were significantly improved by these combinations.
Devrimic et al.?®* have also used calcium alginate to remove turbidity in water. It was concluded
that calcium alginate proved to be a very effective coagulant causing turbidity removal generally
over 98 %. Rocher et al.?% have also investigated the removal of organic dyes by magnetic alginate
beads. It was deduced that the efficiency of the beads in the removal of dye residues in water was
better than the use of inorganic salts alone and the results depended on pH, initial dye concentration

and calcium content. Vijayaraghavan and Shanthakumar?®>-2%" have studied the application of
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alginate as a coagulant for the treatment of dyes in water. They reported that the maximum Sulphur
black dye removal (98.2 %) was achieved under optimum conditions of initial dye concentration
of 200 mg/l, calcium concentration, 6 mg/l, and alginate dose 30 mg/l. Also, for the removal of
Congo red dye, the efficiency of the coagulant was 96 % and depended on the initial pH (4-6),
alginate dose (10-60 mg/l) and calcium dose (1-6 g/L) and initial concentration of the dye (50-250
mg/l). Tripathy et al. have also used alginate for effective adsorption of Pb?".2%2 Recently,
flocculation properties of modified alginate for the removal of dye and heavy metal ions have been

investigated 152,291,298-301

2.9.3 Research motivation

A survey of the literature before the commencement of this Ph.D. thesis showed that several
knowledge gaps exist in the field of coagulation-flocculation science and technology for the
removal of dissolved species such as phosphate in the presence of colloidal species using
biopolymer materials. Several reports have revealed that phosphate can be removed from
wastewater using conventional inorganic coagulants as presented in Table A9.1 in Appendix A.
However, no study was conducted on the removal of phosphate by coagulation-flocculation
process using biopolymer materials in a homogeneous system. The closest use of biopolymer
materials for the removal of phosphate is through adsorption process, in which a solid phase of the
biopolymer materials and their modified forms such as beads are required for the process in a
liquid-solid heterogeneous system.*1%! Several biopolymers and biomass materials have been
utilized for the removal of phosphate via adsorption process, as reported in Table A9.1. However,
Guibal et al.'®® have shown that biopolymers in a homogenous liquid phase are more effective in
removing suspended solids and metal ion from wastewater compared to the solid phase counterpart
of the biopolymer materials because the liquid state improves the accessibility and availability of
reactive sites compared to the solid state. Hence, it is proposed herein that biopolymers such as
chitosan and alginate and their modified forms in a homogeneous liquid phase would be more
effective in the removal of phosphate in the presence of colloidal species in ternary, binary and
single-component systems. Lack of research on the removal of phosphate using biopolymer

materials has led to the following knowledge gaps, which will be addressed in this thesis.
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1. Understanding of the structure-activity relationship of biopolymers (e.g., chitosan and
alginate) and their chemically modified forms for the removal of phosphate and colloidal
materials in wastewater.

2. The effect of the structural properties and chemical composition of the biopolymer
materials on the coagulation-flocculation mechanisms.

3. The effect of the structural properties and chemical composition of the biopolymer
materials on the physicochemical characteristics of the flocs.

To develop improved biopolymer flocculants and an understanding of flocculation processes,
the study of their structure-activity relationships is required. The flocculation efficiency depends
strongly on their structural factors such as molecular weight, degree of functional group
substitution as well as the type of grafting ratio. However, due to the complexity of the
understanding of biopolymer structure and hydration, and complementary interactions with
species of interest for removal, studies related to the flocculation of dissolved species with
bioflocculants are not well established and very limited to suspended solids in water using
inorganic mineral salts. This thesis will seek to develop a greater understanding of the structure-
activity relationship of biopolymers (e.g., chitosan and alginate) and their chemically modified
forms for the removal of phosphate and colloidal materials in wastewater.

Moreover, knowledge of the basic characteristics of the biopolymers will provide useful
information on the mechanism of the flocculation process since the efficiency of the bioflocculants
depends on their chemical composition and structural characteristics. The flocculation
mechanisms of biopolymers are not fully understood by a systematic review of previous
works.#120:121.302 Several mechanisms have been postulated to occur during the CF process using
inorganic coagulants.®® This thesis will also focus on understanding the mechanisms of the CF
process, based on the molecular weight, structure and charge density of alginate and chitosan-
based bioflocculants together with other external factors such as pH, coagulant/flocculant dosage,
settling time and mixing speed and time.

Finally, studies on the characteristics of flocs that are obtained from the flocculation of
colloidal suspension and dissolved particles using biopolymers are also lacking, unlike that of
conventional coagulants and flocculants such as Alx(SOs)s, PACI, FeCl;, and PAM
(polyacrylamide).2*+3% This is one of the major gaps this thesis focuses to address by

physicochemical characterization of the bioflocculants and the flocs obtained after the CF process.
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CHAPTER 3

3 Biopolymer flocculants and oat hull biomass to aid the removal of

orthophosphate in wastewater treatment?

Description

This research study is directed towards investigation of the flocculation properties of natural
polymer flocculants in comparison to inorganic mineral salt coagulants for the removal of
phosphate in synthetic wastewater. The bioflocculants of interest are chitosan, alginate and oat hull
biomass. Herein, the flocculant materials were used as obtained from Prof. L. Tabil without any
chemical modification. The flocculation results show that a combination of alginate, chitosan and
alum (coagulant) in a ternary system is more effective in removing the phosphate relative to binary
(alum and alginate or alum and chitosan) and single-component systems. A binary system
consisting of alum and oat hull biomass showed significant improvement in the flocculation
process towards the phosphate removal. The results indicate that the biopolymer materials have

tunable properties for the removal of dissolved nutrients.
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Relation of Chapter 3 to Overall Objective of this Project

The importance of this research was significant toward developing and understanding the
flocculation properties of natural polymer and biomass materials for the removal of dissolved
nutrients such as phosphate. This project satisfies the first theme (flocculation efficacy of
combined biopolymer-metal salt system towards dissolved phosphate removal from wastewater in
single, binary and ternary CF system) of the thesis research. The significance of this work relates
to the overall objective of the research project because this research study demonstrated that the
biopolymer flocculants are more efficient in a ternary system in removing phosphate in
wastewater. The CF process depends on several factors, and it is controlled by charge
neutralization and polymer-bridging mechanisms, which supports hypotheses 2 and 5 introduced

in Chapter 1.

3.1 Introduction

Phosphorous is a critical contaminant in water bodies and represents a primary environmental
concern at elevated levels for many countries globally, mainly when wastewater contains ca. 10
mg/L to 20 mg/L of total phosphorus.! While phosphate is an essential micronutrient in water,
elevated levels lead to the growth of algae in water bodies. Thus, many countries regulate
phosphate at threshold levels below 0.05 mg/L to reduce eutrophication.>® The removal of
dissolved orthophosphate (Pi) generally involves precipitation, followed by removal from the
aqueous phase. Removal of P; has been studied by various methods such as adsorption?,
bioremediation®, electro-coagulation®, membrane processes’ and chemical precipitation.®®

The use of inorganic salts such as, aluminium sulphate (alum) and ferric chloride to precipitate
phosphate have been widely utilized due to their cost effectiveness and ready availability.°
However, these mineral salts have some disadvantages that include higher dosage, ineffectiveness
at lower temperature, pH-dependent performance, excessive sludge production, and potential
toxicity to human health.!! The utility of synthetic polymers as flocculants and/or coagulant aids
for the removal of phosphate species in wastewater was reported.® Polymer flocculants have
advantages over inorganic electrolytes that relate to greater flocculation efficiency, large floc
formation with high density, high mechanical strength, and favorable settling properties.
Biopolymer flocculants also possess useful properties over a wide pH range and yield reduced

amounts of sludge without metal (aluminium) residuals whilst maintaining the alkalinity of water.
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By contrast, synthetic polymers are non-biodegradable, relatively expensive and pose potential
biological toxicity and mutation.'? The use of binary and ternary systems has several advantages:
cost efficiency, biodegradability, biocompatibility, reduced toxicity, with minimal production of
pollutants and side effects.

Chitosan is a linear polysaccharide copolymer that consists of N-acetyl-D-glucosamine and
glucosamine units with variable acetylation (cf. Figure 3.1a). Alkaline hydrolysis of chitin yields
chitosan where its properties relate to the degree of deacetylation of chitin.* At slightly acidic pH
conditions near or below the pK, of chitosan, a cationic form exists due to protonation of the amine
groups. In turn, favorable electrostatic interactions occur with anionic species such as phosphate
and arsenate’®, as evidenced by the use of chitosan as an adsorbent for the removal of contaminants
in water treatment.® By comparison, there are sparse reports where chitosan is used for the
removal of particulate matter and dissolved substances in a homogeneous solution.!”-? Chitosan
has unique properties as a coagulant and/or flocculant due to its pH-dependent charge density,
variable molecular weight, along with its chelation and aggregation behavior at pH conditions
above its pKa value.’? The unique physicochemical properties of chitosan along with
biodegradability, biocompatibility, metal chelation and low toxicity favor its utility as a
biopolymer flocculant.**?! Chitosan has been used for the removal of P; in wastewater using
different techniques or processes besides coagulation and flocculation.??2” Teh and Wu have also
shown that the amount of sludge produced using chitosan was significantly lesser as compared to

alum.?®
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Figure 3.1: Chemical structures of (a) chitosan and (b) alginate, where m and n denote the degree
of polymerization.

Alginate is a natural and linear biopolymer obtained from marine brown algae (seaweed) and
capsular polysaccharides found in soil bacteria. Alginate is an anionic block copolymer at pH
values above its pKa (3.5). The alginate biopolymer is composed of 3-D-mannuronate (M) and a-
L-guluronate (G) units linked by B-1—4 and a-1—4 glycosidic bonds (cf. Figure 3.1b).?° The G
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and M monomer units of alginate can be arranged in several forms, hydropolymer G-/M-blocks
and heteropolymer GM-blocks. Alginate contains carboxylic acid groups on each monomer unit,
where the ability to chelate with reactive polyvalent metal cations contributes to its utility in the
treatment of water.®° Alginate, as a bioflocculant in wastewater treatment, was studied by Wu et
al.3!, where it was used as a coagulant aid with aluminium sulphate to test its coagulation and floc
properties. Similar studies were carried out using alginate with ferric chloride, alum and titanium
tetrachloride by Zhao et al.®32 Devrimici et al.*® used calcium alginate to remove turbidity in
water, while Rocher et al.>* examined the removal of organic dyes by magnetic alginate beads.
Vijayaraghavan and Shanthakumar®>3® studied the utility of alginate as a coagulant for the
treatment of dyes in wastewater.

Oat hulls are rich in fibre content relative to wheat and corn bran®’, where the cellulose content
of such biomaterials are of interest in wastewater treatment. Oat hull contains polysaccharides
composed of D-glucose monomer units with variable linkages, B-1,3- or B-1,4-linkages.*® Studies
by Bernardo et al. have shown that the functional groups of oat hull relate to its utility as a
bioflocculant, where the pKa values cover a suitable range of functional groups; carboxyl (3.6 —
4.1), amines (6.6 — 7.2) and the hydroxyl groups (9.1 — 12.6)].%® The -COOH and -OH groups
reveal that cellulose, hemi-cellulose, pectin and lignin fractions coexist in oat hull biomass.* Up
to the present time, oat hulls have not been reported as effective flocculant aids for the removal of
contaminants in wastewater. A recent study on the application of oat hulls as a flocculant relates
to grafted oatmeal.*® Other studies have employed oat hulls as adsorbent biomass for the removal
of chromium ions*>** and arsenic (V) species.* Herein, oat hulls are examined for use as an

additive to aid the coagulation-flocculation process for the removal of phosphate species in water.

Figure 3.2: Optical images of (a) refined and (b) unrefined oat hull biomass.
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The objective of this study is to report on the removal efficacy of dissolved orthophosphate
from simulated wastewater using mixtures containing the coagulant (alum) and biopolymer
flocculants (alginate and chitosan), and a biomass additive (oat hull). Various single and
multicomponent systems were compared: i) single (alum, chitosan or alginate), ii) binary (alum +
chitosan or alum + alginate), and iii) ternary (alum + alginate + chitosan) coagulant-flocculant
systems to evaluate the P; removal properties and the role of synergistic effects. This study
contributes to the field of biomaterials in several ways through the use of alum/chitosan/alginate
ternary systems for the removal of phosphate over the removal efficacy of single and binary

systems, as evidenced by variable Pi removal at variable concentration and pH conditions.

3.2 Materials and experimental procedures
3.2.1 Materials and chemicals

All chemicals were of analytical reagent (AR) grade. Hydrated ferric chloride (FeCls-6H20),
anhydrous monobasic potassium phosphate (KH2PO4), NaOH (aq), HCI (aq), vanadate molybdate
reagent (ag), medium viscosity sodium alginate, chitosan (medium molecular weight, 85%
deacetylation) and aluminium sulphate (alum) were purchased from Sigma-Aldrich, Oakville,
Ontario, Canada. Oat hulls (unrefined), a by-product of oat processing was procured from
Richardson Milling Ltd., Martensville, SK, Canada. The oat hulls were cleaned using a sieving
machine and an aspirator to remove other parts of the oat grain to yield refined oat hulls. Refined
and unrefined oat hulls (cf. Figure 3.2) were ground using a knife mill (Retsch GmbH 5657 HAAN,

Germany) fitted with a 2.7 mm sieve.

3.2.2 Analytical method

Phosphate, alum and alginate stock solutions were prepared by dissolving their respective salts
in ultrapure water (18.2 MQ-cm at 25 °C). A standard chitosan solution was prepared with 0.01 M
HCl solution. A phosphate calibration curve was obtained using a vanadate molybdate colorimetric
method (A = 420 nm) using a double beam UV-Vis CARY-100 spectrophotometer at pH 6.5%?, as
shown in Figure A9.2 (Appendix A). Details of the analytical determination of phosphate using
colorimetry have been discussed in Section A9.2.2 in Appendix A. The coagulation-flocculation
experiments were performed using a conventional jar test apparatus with a six-plate (6 x 2000 ml)
jar system with stirrers (Phipps & Bird; Richmond, VA., USA). Single, binary and ternary systems

were studied. Initially, P; solutions were added to the various jars of the setup with a volume of
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1.0 L. 5.0 ml of the phosphate solution was sampled and prepared for UV-Visible analysis by
adding 1.0 ml of vanadate molybdate reagent. After the addition of the reagent to the Pi-containing
sample, the yellow color was allowed to develop for 20 min before the UV-Vis measurements.
The pH of the P; solution (ca 25 mg/L) was adjusted using 0.1 M NaOH or 0.1 M HCI to the
desired value. For the single systems, the coagulant (or coagulant aid) was added to the P; solution
followed by rapid stirring for 3 min, followed by continuous slow mixing for 20 min. For the
binary systems, the alum was added to the P; solution with rapid stirring for 3 min, followed by
slow stirring for 20 min. The flocculant was added within the first 5 min of the slow mixing. In
ternary systems, alum was added to the P; solution followed by rapid stirring for 3 min, followed
by slow stirring for 20 min. The flocculants were added within the first 10 min of the slow mixing
step. After the rapid mixing, the solution was allowed to settle for 30 min, where the rapid and
slow mixing was 295 rpm and 25 rpm, respectively. After the settling period, 5.0 ml of the solution
was sampled from the top region and prepared for UV-Vis analysis. The P; levels were estimated
before and after the coagulation-flocculation process. The solution pH was measured after the 30
min settling period. Figure 3.3 illustrates the sequence of steps used for the study of the CF process.

With reference to the binary system containing oat hulls (unrefined or refined) and alum, a
standard dosage was prepared by soaking the finely ground powder, with a particle size of 50 pum,
in Millipore water and stirred for 30 min. The coagulation-flocculation process was carried out
using the same experimental design, according to Figure 3.3. However, the alginate and/or chitosan
flocculants were replaced with the oat hull suspension to afford a binary system, consisting of alum
and oat hulls.

All experiments were performed in triplicate, where the average value and the standard
deviation are reported. The Pi removal was estimated using equation (3.1).%2

%P G, —C

removal —

-100% (3.1)

0
C,and C,refer to the P; concentration before and after the coagulation-flocculation process,

respectively. The raw experimental data obtained herein are presented in Tables A9.2 to A9.5 in

Appendix A.
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Figure 3.3: Schematic diagram of the step-wise procedure for the coagulation-flocculation process
and experimental setup.

Table 3.1: Comparison of the removal of phosphate in water and wastewater using inorganic
salts

Wastewater Coagulant/ Optimum Optimum Efficiency
dosage Reference
Source Flocculant pH (%)
(mg/L)
Alum* + .
SW Alg + Chi 35 55-7.0 85+0.7  Thiswork
SW Alum 30 55-7.0 67+0.3 This work
Alum and Mohammed
SW cacl 80, 60 6 85 and
2 Shanshool®
SW PACI 6 N/A 94.6 Chen and
Luan
Alum and Ebeling et
AW FeCls 90 7.1 89, 93 a4
SS Alum 10 5.7-5.9 92 Banu et al.*®
MW Alum and 13 N/A 80 An et al. %
FeCls

* Flocculant dosage was varied while keeping the other constants.

Chi and Alg represent Chitosan and Alginate, respectively.

SW: Synthetic wastewater; MW: Municipal wastewater; AW: Agricultural wastewater.
Optimum pH and optimum dosage are the pH and coagulant/flocculant dosage at which there is
maximum P;j removal, respectively.
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3.3 Results and discussion
3.3.1 Single-component systems
3.3.1.1 Effect of alum

The results in Figure 3.4 were obtained by singly varying the respective dose of alum, alginate
and chitosan to understand their individual effect on the orthophosphate (Pi) removal. The blue
curve in Figure 3.4 represents the effect of alum dosage at an initial orthophosphate level of ca. 10
mg/L at pH of 5-6. An alum dosage of 5.0 mg/L was able to lower the Pi level by 45%. As the
dosage of the alum increased, the efficiency of the Pi removal increased steadily until it reached a
maximum level of 67% at 35 mg/L. After this point, the Pi removal decreased to 56% at 50 mg/L,
where it remained constant as the alum dosage increased. The decreasing efficiency of P;i removal
beyond the optimal dosage was attributed to the stabilization of the P; solution.*” As the alum
dosage increases, the pH shifts to an unfavorable range for Pi removal, leading to a decrease in the
removal efficiency. In Figure 3.4b, the Al/P molar ratios range from 0.5 to 5.0, with optimal P;
removal at a molar ratio of 3.5. This ratio is within the expected range of Al/P molar ratio for
effective Pi removal. The pH of the phosphate solution after coagulation-flocculation process was
found to be in the alkaline region (8.0 — 9.5) compared to the initial phosphate solutions.

The reaction between alum with P; in wastewater likely involves complex formation and charge
stabilization with no precise flocculation mechanism proposed thus far. AIPO4(s) is an insoluble
product formed when alum combines with Pj, (cf. equation (3.2)), in agreement with the report of
Jenkins et al.*® Aluminium phosphate precipitates because the ion association process is

thermodynamically and kinetically favored over the formation of aluminium hydroxide species.

AlL(SO,); (H,0)4 ) + 2 PO,* oy & 2 AIPO, L + 350, . + 14 H,0, (3.2)

4 (aq)

The optimum dosage of 35 mg/L obtained herein at an initial P; dose of 10-11 mg/L is lower
when compared to values reported in literature (cf. Table 3.1). For example, Mohammed and
Shanshool® reported an optimal dosage of 80 mg/L, while Ebeling et al.** reported 90 mg/L for
alum while Banu et al.*® report 80 mg/L for alum at different pH conditions and initial P;

concentrations.
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Figure 3.4: Phosphate removal (%) as a function of (a) single coagulant/flocculant dosage and (b)
[flocculant / Pi] molar ratio. Initial phosphate concentration is ca. 10-11 mg/L.

Table 3.2: Comparison of the removal of phosphate in water and wastewater using biopolymer

flocculants
Optimum . ..
\S/\éitrecre Flocculant Dosage Optr;rlr'lum Effzgz)ncy Reference
(mg/L)

SW Chi 20 6.2-7.0 78+0.1 This work
SW Alg 25 57-7.0 38+0.2 This work
SW Chi* + Alum 49 58-7.0 88+0.8 This work
SW Al* + Alum 59 58-7.0 80+0.8 This work
SW Chi* + Alg +Alum 15 55-7.1 98 +0.7 This work
SW Alg* + Chi +Alum 16 55-7.2 98+1.2 This work
Struvite  Chiand Alg 10, 20 N/A 80 e';laztéf'a” et
SW Chi N/A 75-7.9 60 Fierro et al.?*
SW Chi N/A 4.0 30 Filipkowska®
SW Polydiallyldimethyl- 59 Chen and

ammonium chloride 0.5 8.0 Luan®

Chi 60 89 Dunets and
MW Starch 24 9.5 86 Zheng®

Guar gum 24 82

* Flocculant dosage was varied while keeping the other constants. Chi and Alg represent chitosan
and alginate, respectively. SW: Synthetic wastewater; MW: Municipal wastewater. Optimum pH
and optimum dosage are the pH and coagulant/flocculant dosage at which there is maximum P;j
removal, respectively.
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3.3.1.2 Effect of chitosan

The effect of chitosan dosage on Piremoval is shown in Figure 3.4 (red curve) at initial Pj levels
of 10-11 mg/L at pH of 5-6. An increase in chitosan dosage from 0.5 mg/L to 20 mg/L enhanced
the removal of P; from 50% to 78%. Further addition of chitosan led to a decrease in the efficiency
of the Pj to 62% at 35 mg/L of chitosan. As the dosage of the chitosan increased beyond the
optimum dosage, precipitation of dissolved P; occurs. However, the excess addition of chitosan
resulted in restabilization as positively charged colloidal particles with a corresponding reduction
in P; removal, as shown in Scheme 3.1. An increase in the dosage of the chitosan beyond the
optimal dosage limit leads to an increase in the amount of cationic charge in the solution. An
appropriate amount of cation species is required to neutralize the P; anion species. The charge
neutralization process relates to the agglomeration of the P; containing particulates by a bridging
mechanism with eventual settling of the floc. However, a reverse effect occurs when excess of
cationic species is present in the solution. The excess positive charge stabilizes the neutral P;
containing aggregates and the macroflocs undergo repulsive interactions, resulting in a progressive
decrease in the Pi removal efficiency, as shown in Scheme 3.1. Similar results were reported by
Roussy et al.*° as well as Huang and Chen®°. In Figure 3.4b, the chitosan to Pi mole ratio ranged
from 0.04 to 2.74, with optimal P; removal at 1.57.

In Table 3.2, the results of the present study compare to previous results, where it is noted that
the P; removal herein is greater relative to the solid phase when chitosan is dissolved in bulk
solution. Filipkowska et al.? obtained 30% removal, while Fierro et al.?* had 60% Pi removal when
chitosan was used as dispersed solid forms. Guibal et al.®* reported the effectiveness of chitosan
for the removal of suspended and dissolved substances when it is used in its dissolved form. This
relates to the greater reactivity of the amine groups when chitosan is dissolved in bulk solution.
The application of aqueous chitosan improves the accessibility and kinetics of the process relative
to the dispersed solid forms of chitosan due to ionization of amine group.>® Also, dissolved
chitosan has more rapid kinetics of mixing (mass transfer effects). Charge neutralization is a key
step in the process of coagulation and/or flocculation, followed by polymer bridging, in agreement
with results obtained herein, as depicted in Scheme 3.1. Usually, the type of mechanism is
governed by the pH, coagulant dose and the type of contaminants.>? As well, it is known that P;
and other structurally related oxyanions such as, arsenate have favorable affinity to chitosan and

its modified forms. 152653
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Scheme 3.1: Illustration of the coagulation flocculation mechanism.

3.3.1.3 Effect of alginate

The influence of alginate dose on the removal of Pi is shown in Figure 3.4 (green curve). The
use of alginate alone showed poor Pi removal efficiency. For instance, an alginate dose of 0.5 mg/L
had a low P; removal (13%), where it increased gradually up to an optimum dose of 25 mg/L to a
higher Pi removal (39%). Alginate is an anionic polyelectrolyte and P; is also negatively charged
at these conditions, resulting in electrostatic repulsions in solution and stabilization of unbound P;.
However, the biopolymer nature of the alginate favors removal of P; by a bridging and ion binding
adsorption mechanism, especially when used in combination with a cationic polyelectrolyte such
as chitosan, as illustrated in Scheme 3.1. In Figure 3.4b, the alginate to phosphate molar ratio
ranges from 0.04 to 3.07, with optimal Pi removal at a molar ratio of 2.56.

3.3.2 Binary system

The Pi removal efficiency was also studied by combining alum with chitosan or alginate (Figure
3.5). The Pi removal for the alum-chitosan combination (at constant alum dose of 30 mg/L)
increased gradually from 68% to 88% at 49 mg/L and then remained stable with a further increase
in the chitosan dosage, as depicted by the red curve in Figure 3.5a. Comparing this result to the
chitosan data in Figure 3.4, the P; removal for the binary system is ~10% greater than the single-
component system at comparable optimal dosage values. The single-component system had a
maximum efficiency of 78% with an optimal dosage of 20 mg/L, where the initial phosphate dose
was ~10 mg/L. In Figure 3.5b, the chitosan to Pi mole ratio at a constant alum dose for optimal P;
removal was 2.22. In Figure 3.4b, the chitosan to P; molar ratio (without alum) for optimal removal
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was 3.50. This indicates that the combined use of alum and chitosan has synergistic effects with
enhanced P; removal. For example, Shak and Wu have found that the binary system consisted of
alum and seed gum also yielded significant removals of total suspended solids and chemical
oxygen demand from the real industrial wastewater.>*

Similarly, the alum-alginate binary system had an optimum dosage of 59 mg/L with 80% P;
removal. As compared to the single-component system in Figure 3.4, an optimal dosage was
obtained using Pi at 25 mg/L with a maximum P;j removal of 39%. This illustrates that the binary
system displays greater Pi removal over the single-component system. Alginate possesses excess
negative charge in solution, which results in floc stabilization with decreased P; removal of the
alum-alginate binary system. Similar results have been presented for the removal of dyes, turbidity

and other substances using alginate together with inorganic salts, 313335365557
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Figure 3.5: Phosphate removal (%) as a function of (a) binary coagulant/flocculant dosage and (b)
[Alum / Pi] molar ratio. Flocculant with an asterisk (*) had varied dosage while the concentration
of Alum was kept at 30 mg/L. The phosphate dosage was ca. 23 mg/L.

3.3.3 Ternary system
The results in Figure 3.6 indicate that the Pi removal occurred using a combination of alginate,
alum and chitosan (ternary system). However, two parameters were held constant while varying
the other component. For instance, the alum dosage was varied, while the chitosan and alginate
dosage was fixed at 10 mg/L. Similarly, the alum (30 mg/L) and alginate (10 mg/L) dosage were
fixed, while the chitosan dosage varied. Following the same approach, the dosage of alginate was
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varied while the level of alum (30 mg/L) and chitosan (10 mg/L) were fixed. The P; concentration
was kept at 10-11 mg/L throughout the process unless indicated otherwise.

The blue curve in Figure 3.6 represents the effect of alum dosage variation, where a dosage of
2.0 mg/L resulted in a reduction of Pi levels by 62% in the presence of chitosan and alginate. As
the dosage of the alum increased, the efficiency of the P; removal effect rose steadily until it
reached a maximum (82%) at 30 mg/L. Beyond this point, the efficiency of P; removal decreased
to 70% at 40 mg/L and remained constant with increasing alum dosage. In Figure 3.6b, the alum
to Pi molar ratio was 1.40, while the chitosan and alginate were fixed to achieve optimal Pi removal.
The P;i removal was greater for the ternary system over the single and binary systems. The
advantage of the addition of organic flocculants is shown by a comparison of the optimum dosage
from this study to independent results in Table 3.1. The presence of chitosan and alginate as a
coagulant-flocculant system leads to the formation of macroflocs after alum undergoes coagulation
with the dissolved P; to form microflocs.

The effect of chitosan dosage on the P; removal without pH adjustment at a fixed dosage of
alum and alginate is shown in Figure 3.6 (red curve). An increase in chitosan dosage up to 15.8
mg/L increased the Pi removal from 88% to 98.8%. Further addition of chitosan led to a decrease
in the P; removal to 92% at 30 mg/L of chitosan. In Figure 3.6b, the chitosan to P; molar ratio at a
constant alum and alginate dose for optimal P; removal is 1.40, which is significantly lower than
values obtained from the single and binary systems.

The influence of alginate at fixed dosages of alum and chitosan on the removal of P; in the
ternary system is shown in Figure 3.6a (green curve). When alginate is above its pKa value of 3.6,
it interacts favorably with cationic species such as protonated chitosan to form aggregates which
result in precipitation of P anions.® Similar to chitosan, the efficiency of the Pi removal increased
with alginate dosage until an optimum dosage is reached at 15.0 mg/L with an efficiency of 98%.
Beyond this optimum level, further addition of alginate results in a decrease in the P; removal level.
Similar to chitosan, the alginate to phosphate molar ratio was 1.39, while the alum and chitosan
levels were fixed to achieve variable Pi removal. The effect is significantly higher over that
obtained for the single component and binary systems. While alginate is an anionic polyelectrolyte,
it associates with chitosan via electrostatic cross-linking effects to yield aggregates®®, which
facilitate microfloc formation between phosphate and alum. In the absence of chitosan in the

solution, further addition of alginate beyond the optimum dosage results in charge stabilization
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due to the formation of negatively charged colloidal suspensions, which lowers P; removal. The
ternary system favors efficient P; removal relative to the binary and single-component systems, as

reported in Table 3.3.

100 ¢ 100
05 % 95
90 % 90 3
85 ¥ — 85
9 i S
< 80 = 80 1
S 5% g ]
5 i S 75
S I € ]
E 70 % _ S 3
o i —e— Alum* + Chi + Alg = 70 3
S —e— Chi* + Alg + 30mg/L Alum &, 45 —— Alum*+ Chi + Alg
60 " —e— Alg* + Chi + 30mg/L Alum 60 - —&— Chi™+ Alg + 30mg/L. Alum
55 FrHHHHHHHHHHHHHHHHHHHHHHHHHHHH ¥ —e—Alg* + Chi + 30mg/L Alum
0 5 10 15 20 25 30 35 40 45 50 95
0 1 2 3 4
Flocculant dosage (mg-L1) [Flocculant / P;] molar ratio

Figure 3.6: Phosphate removal (%) at variable conditions: (a) ternary coagulant/flocculant dosage
and (b) [flocculant / Pi] molar ratio. Initial phosphate concentration was ca. 10-11 mg/L.
Coagulant/Flocculant with an asterisk (*) was varied while the others were kept constant. Chi and
Alg are chitosan and alginate, respectively.

Table 3.3: Phosphate removal in water using different flocculant systems

Wastewater Flocculant Optimum [Flocculant / Pi] Efficiency
Source /Adsorbent Dosage (g/L) molar ratio (%0)
SW Alum 35 35 67+0.3
SW Alum* + Alg + Chi 30 2.6 85+0.8
SW Chi 20 1.6 78+0.1
SW Alg 25 2.6 38+0.2
SW Chi* + Alum 49 2.2 88+0.8
SW Alg* + Alum 59 2.7 80+0.8
SW Chi* + Alg +Alum 15 1.4 98+0.8
SW Alg* + Chi + Alum 16 14 98+1.2

* Flocculant dosage was varied while keeping the other constants.
Chi and Alg represent Chitosan and Alginate, respectively. SW: Synthetic wastewater

88



3.3.4 pH effects on phosphate removal

Pi removal in water is highly pH dependent, as shown by the dependence of P; removal on pH
by the additions of 0.1 M NaOH or 0.1 M HCI at different initial dosage levels of P; in Figure 3.7a.
The CF process was performed using the optimized condition of the ternary system: alum (30
mg/L), alginate (15 mg/L), and chitosan (15 mg/L). Alum precipitates phosphate to form AIPOa,
while the chitosan and the alginate biopolymers are cationic and anionic species at these
conditions. The biopolymers formed cross-linked aggregates which enhance the Pi removal via
precipitation of AIPO4, and related adsorption effects. The influence of pH on the P; removal
followed a similar trend independent of the initial P; dosage level. The efficiency increased from
pH 2 and reached optimum removal near pH 6-7. Thereafter, the efficiency decreased as the pH
increased to pH 10. As alum is added to the Pj-containing-water, a fraction of the alum was

precipitated as the hydroxide species, and H" was released according to equation (3.3).

AP . +3H,0, = AI(OH),, ¥ + 3H" (3.3)

(a0) 0) (a0)

The AI** jons are soluble below pH 5.5 and do not precipitate during the dissolution process.
In addition, aluminium phosphate (AIPO4) species are formed which are soluble at pH 6 to 7.%°
Above pH 7, the addition of alum forms a soluble complex ([AI(OH)4]"), where the efficiency of
the coagulation-flocculation process is decreased.®® The solution pH after the addition of the alum
is more critical than the initial pH, especially for low alkalinity wastewater.*® The addition of the
alum to low alkalinity water likely results in lower pH, which shifts to an optimum range (pH 6-
7), as reported for efficient Pi removal.%! From the results in Figure 3.7a, Pi removal occurs at
lower dosage at an optimum pH (pH 7). Higher P; levels reveal optimal removal at pH 6-7, and
these results are in agreement with other reports.84562

Pi removal has a strong dependence on the relative chitosan dosage due to its cationic nature.
The amine groups of chitosan are deprotonated at higher pH values, especially at conditions above
pH 6.5, since the pK, value of chitosan is near 6.2. Chitosan does not associate favorably with
phosphate via attractive ion-ion interactions at these conditions. By contrast, attractive ion-ion
interactions occur below pH 6.2 due to association of chitosan/phosphate (cation/anion)
complexes. Excess cationic chitosan species in solution may result in colloidal stabilization at

lower pH values.
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3.3.5 Effect of initial phosphate dosage

Although pH plays a significant role in P; removal, the dependence of the initial P; dosage on
the efficacy of the coagulation-flocculation process requires further study. Figure 3.7b depicts the
effect of variable P; dosage on Pi removal at optimal pH conditions. In Figure 3.7b, P; removal was
lower relative to other systems at higher dosage levels when the P; was fixed at 6.5 mg/L. At low
Pi concentration (< 10 mg/L), there is competition due to the formation of hydroxides, which
prevents the formation of precipitates since the AI**/P; ratio does not favor precipitation at this
condition due to the greater Ksp value of AI(OH)s (1.8x107) relative to that of AIPO4 (6.3x1071°).13
However, a greater P; dosage (10 mg /L - 55 mg/L) indicates there is a minor effect on the
efficiency of the coagulation-flocculation process. The Pi removal at variable P;levels (10 mg/L —
55 mg/L) varies from 96 to 98% at the optimum pH, as shown in Figure 3.7b. A P; dosage of 16.5
mg/L resulted in the highest Pi removal, where typical P; levels for contaminated wastewater lie in
a similar range (10 to 20 mg/L). Hence, the coagulation-flocculation process is effective for P;
removal in water at relevant levels of P; found in aquatic and industrial wastewater. With the
exception of the lower P; dosage (< 10 mg/L), it can be concluded that an increase in the P;
concentration does not affect the level of Pi removal. Hence, highly contaminated wastewater laden
with P; above reported literature values could be effectively treated using the conditions reported

above.
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Figure 3.7: (a) Effect of pH on P; (%) in wastewater. The effects of the initial levels of phosphate
(ppm) in wastewater on its removal efficiency systems. (b) Effect of phosphate dosage on the P;
(%) in a coagulation-flocculation experiment at variable pH values.
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3.3.6 Oat hulls as coagulant aids

Herein, oat hull suspensions were studied in combination with alum, where the role of oat hulls
as a coagulant aid for removal of dissolved P; in water was evaluated. The efficiency of the oat
hulls (refined and unrefined) single-component and alum-oat hull binary systems for the removal
of Pi using coagulation-flocculation process is presented in Figure 3.8(a & b), at an initial P; dosage
of 25 mg/L. The combinatorial effect of the alum-oat hull binary systems is significantly more
efficient in the removal of the P; than the use of the single component oat hull for the same effect,
as observed in Figure 3.8(a & b). Flocculation process was observed to be more effective for the
refined oat hull than the unrefined sample in both cases. For the binary systems, as the oat hull
dosage reached 0.93 g/L, the Pi removal was 83% (refined oat hull) and 77% (unrefined oat hulls)
at an initial P; dosage of 25 mg/L. Refined oat hulls showed greater P; removal that increased to
95% at 1.5 g/L with decreased Pi removal to 92% at 1.6 g/L. Thereafter, it grew steadily to 98% at
1.9 g/L and remained constant (95%) up to 2.4 g/L. By comparison, the P; removal for the unrefined
oat hull increased sharply to 92% at 1.8 g/L and decreased to 85% at 1.9 g/L. Thereafter, it
increased slightly to 89% at 2.1 g/L and remained constant thereafter.

The effect of the oat hull on P; removal relative to the coagulant (alum) was determined, as
shown in Figure 3.8c. Accordingly, oat hulls may serve as an effective flocculant aid. In Figure
3.8c, it is evident that the flocculation efficacy for the refined oat hulls increased from 56% at 0.93
g/L compared with 63% at 1.5 g/L for an initial P; level of 25 mg/L. Pi removal remained nearly
constant (63%) up to 2.4 g/L. In the case of the unrefined oat hulls, the P; removal increased from
48% t0 0.93 g/L to 61% at 1.7g/L and remained constant up to 2.4 g/L when the initial P; level was
25 mg/L. Comparing these results with those reported for other biomass materials in Table 3.4
reveals the utility of oat hulls as suitable coagulant aids for Pi removal in water.

The removal mechanism for the flocculation of P; with oat hulls may relate to enhanced polymer
bridging and/or adsorption processes, as illustrated in Scheme 3.1, along with synergistic effects.
Polymer bridging involves the nucleation of micro- to macro-flocs due to the coagulation of alum
upon the addition of oat hulls. In this process, the electrolyte species are bound to domains which
can associate with other particles.%® The mechanism is favored, and optimal results are obtained
when long-chain polymers or biomass materials without a high level of ionic charge are used.%
Here, the cellulose and the hemicellulose fractions of the oat hull are uncharged at these pH

conditions which may favor the formation of flocs with other species by polymer-bridging effects.
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The flocs formed after the coagulation process depends on the metal salt dose, where the floc size
increases the interaction between polyelectrolytes of opposite charge.®® Bridging takes place when
the adsorbed chains interact favorably with domains of another floc in a uniform manner, as
depicted in Scheme 3.1. In this process, Coulombic and dispersion forces cause the biomass (oat
hull) biopolymers to co-adsorb onto two or more flocs. This occurs when the surface is partly
covered, during the initial stages of the process, when the polymer dosage is low. The effect occurs

immediately upon addition of the biomass and depends on the mixing conditions.®
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Figure 3.8: (a) Piremoval (%) in water as a function of only oat hull flocculant. (b) Piremoval (%)
in water as a function of alum-oat hull flocculant system (c) The change of Piremoval (%) in water
as a function of oat hull dosage. UOH is the unrefined oat hull and ROH is the refined oat hull.
Alum dosage was kept at 30 mg/L and the initial P; dosage was 25.0 mg/L in (b) and (c).
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Table 3.4: Efficiency of Piremoval using different biopolymer materials

Wastewater  Flocculant Optimum [Pi] Efficiency Reference

Source /Adsorbent Dosage (g/L) (mg/L) (%)

SW Unrefined oat hull 1.7 25 62 +0.9  This work

SwW Refined oat hull 1.8 25 761 This work

SW ;B[ﬁf'”ed oat hull + 18 25 93+1  Thiswork

SW Refined oat hull + 18 25 99+2  Thiswork
alum

SW Fly ash and bottom ash 3.4 & 9.1 20 97 :%bosa et

sw Fly ash and bottom ash ~ 345 & 46.6 20 90 §a6r7bosa et
La(OH)s modified pine

SW needles 0.7 10 65 Wang et al.%®

SW Wheat straw biochars 6.0 3-11 88 Li et al.®

SW Carbon residue 5.0 25 25 ;@leaa et

SW Sugarcane bagasse 16.0 50 11 Hena et al.”

SW: Synthetic wastewater

3.4 Conclusions

Coagulation-flocculation of orthophosphate (Pi) using alum in conjunction with biopolymers
(chitosan and alginate), along with oat hull biomass are reported in this study. The efficiency of
the P; removal was related to the dosage of the coagulant-flocculant system. Variable alum dosing
in the alum-chitosan-alginate ternary system revealed an optimum alum dosage of 30 mg/L when
the initial Pi level was 10-11 mg/L. Pi removal was more effective for the ternary system relative
to the binary and single-component systems. The binary system (alum/alginate or alum/chitosan)
had a lower P; removal (80% and 88%) relative to the ternary systems (98%). The presence of
flocculants and the smaller value of alum to phosphate molar ratios (Table 3.3) indicate that the P;
removal depends on pH, with an optimum value at pH 67, in agreement with a process that occurs
by charge neutralization and polymer-bridging, as shown in Scheme 3.1. The initial level of P; was
found to be relatively independent of the P; removal efficacy. Refined and unrefined oat hulls aid
the flocculation process by further removal of dissolved Pi. Variable Pi removal occurs for the
refined (99%) and unrefined (93%) oat hulls at an initial Pi dosage of 25 mg/L in the binary
systems. By considering other properties of alginate and chitosan such as sorption and chelation
of metal ions, biocompatibility, biodegradability, non-toxic nature and antimicrobial activity, the
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use of such biopolymers can enhance P; removal. The availability and abundance of oat hull

biomass reveal its utility for wastewater treatment, as evidenced by lowered cost and enhanced

pollutant removal when used in conjunction with conventional flocculation-coagulation processes.

35
(1)
(2)
(3)

(4)

(5)

(6)
(7)

(8)
(9)
(10)

(11)

(12)
(13)

(14)

(15)
(16)
(17)
(18)

References

Rybicki, S. Phosphorus Removal From Wastewater - A Literature Review; 1997.
Benyoucef, S.; Amrani, M. Desalination 2011, 275 (1-3), 231.

Painting, S. J.; Devlin, M. J.; Malcolm, S. J.; Parker, E. R.; Mills, D. K.; Mills, C.; Tett, P.;
Wither, a.; Burt, J.; Jones, R.; Winpenny, K. Mar. Pollut. Bull. 2007, 55 (1-6), 74.

Sg, H. U.; Postma, D.; Jakobsen, R.; Larsen, F. Geochim. Cosmochim. Acta 2011, 75 (10),
2911.

Gautam, R. K.; Banerjee, S.; Gautam, P. K.; Chattopadhyaya, M. C. Adv. Environ. Res.
2014, 36, 1.

Bektas, N.; Akbulut, H.; Inan, H.; Dimoglo, A. J. Hazard. Mater. 2004, 106 (2-3), 101.

Peleka, E. N.; Mavros, P. P.; Zamboulis, D.; Matis, K. A. Desalination 2006, 198 (1-3),
198.

Mohammed, S. A. M.; Shanshool, H. A. Iragi J. Chem. Pet. Eng. 2009, 10 (2), 35.
Sowmya, A.; Meenakshi, S. Desalin. Water Treat. 2014, 52 (13-15), 2583.

Teh, C. Y.; Budiman, P. M.; Shak, K. P. Y.; Wu, T. Y. Ind. Eng. Chem. Res. 2016, 55 (16),
4363.

Tzoupanos, N. D.; Zouboulis, A. I. 6th IASME/WSEAS Int. Conf. HEAT Transf. Therm.
Eng. Environ. 2008, 309.

Renault, F.; Sancey, B.; Badot, P. M.; Crini, G. Eur. Polym. J. 2009, 45 (5), 1337.

Bratby, J. Coagulation and Flocculation with an Emphasis on Water and Wastewater
Treatment; Uplands Press Ltd., 1980, 55.

Zemmouri, H.; Drouiche, M.; Sayeh, A.; Lounici, H.; Mameri, N. Energy Procedia 2013,
36, 558.

Pratt, D. Y.; Wilson, L. D.; Kozinski, J. A. J. Colloid Interface Sci. 2013, 395, 205.
Varma, A. .; Deshpande, S. .; Kennedy, J. . Carbohydr. Polym. 2004, 55 (1), 77.
Divakaran, R.; Pillai, V. N. S. J. Appl. Phycol. 2002, 14 (5), 419.

Bratskaya, S. Y.; Avramenko, V. A.; Sukhoverkhov, S. V.; Schwarz, S. Colloid J. 2002, 64
94



(19)
(20)
(21)
(22)
(23)

(24)

(25)
(26)
(27)
(28)
(29)
(30)

(31)
(32)

(33)
(34)
(35)
(36)
(37)

(38)
(39)

(40)

(6), 68L1.

Dunets, C. S.; Zheng, Y. Hortscience 2015, 50 (6), 921.

Fortin—Chevalier, T.; Leduc, R. Int. J. Environ. Waste Manag. 2014, 14 (4), 358.
Crini, G.; Badot, P.-M. Prog. Polym. Sci. 2008, 33 (4), 399.

Aguilar-May, B.; Del Pilar Sdnchez-Saavedra, M. J. Appl. Phycol. 2009, 21 (3), 353.

Filipkowska, U.; J6zwiak, T.; Szymczyk, P. Prog. Chem. Appl. Chitin its Deriv. 2014, 19
(1), 5.

Fierro, S.; del Pilar Sdnchez-Saavedra, M.; Copalcua, C. Bioresour. Technol. 2008, 99 (5),
1274.

Latifian, M.; Liu, J.; Mattiasson, B. Environ. Technol. 2014, 35 (18), 2289.
Mahaninia, M. H.; Wilson, L. D. J. Appl. Polym. Sci. 2016, 133 (5), 1.
Mohamed, M. H.; Wilson, L. D. Adsorption 2016, 22, 1025.

Teh, C. Y.; Wu, T. Y. Chem. Eng. Trans. 2014, 39, 1603.

Lee, K. Y.; Mooney, D. J. Prog. Polym. Sci. 2012, 37 (1), 106.

Kim, S.-K. Marine Carbohydrates: Fundamentals and Applications, Part 2; Elsevier
Science, 2014; Vol. 73.

Wu, C.; Wang, Y.; Gao, B.; Zhao, Y.; Yue, Q. Sep. Purif. Technol. 2012, 95, 180.

Zhao, Y. X.; Wang, Y.; Gao, B. Y.; Shon, H. K.; Kim, J.-H.; Yue, Q. Y. Desalination 2012,
299, 79.

Devrimci, H. A.; Yuksel, a. M.; Sanin, F. D. Desalination 2012, 299, 16.

Rocher, V.; Bee, A.; Siaugue, J.-M.; Cabuil, V. J. Hazard. Mater. 2010, 178 (1-3), 434.
Vijayaraghavan, G.; Shanthakumar, S. Environ. Prog. Sustain. Energy 2015, 34 (5), 1427.
Vijayaraghavan, G.; Shanthakumar, S. Desalin. Water Treat. 2015, 3994, 1.

Galdeano, M. C.; Grossmann, M. V. E. Ciénc. Tecnol. Aliment. Campinas 2006, 26 (1),
123.

Bharti, S.; Mishra, S.; Sen, G. Carbohydr. Polym. 2013, 93 (2), 528.

Bernardo, G. R. R.; Rene, R. M. J.; Alfaro-De la, A. D. la T. J. Hazard. Mater. 2009, 170
(2-3), 845.

Chuang, C. L.; Fan, M.; Xu, M.; Brown, R. C.; Sung, S.; Saha, B.; Huang, C. P.
Chemosphere 2005, 61 (4), 478.

95



(41)

(42)
(43)
(44)

(45)
(46)

(47)
(48)
(49)
(50)
(51)

(52)
(53)
(54)
(55)

(56)

(57)

(58)
(59)

(60)
(61)
(62)

Gardea-Torresdey, J. L.; Tiemann, K. J.; Armendariz, V.; Bess-Oberto, L.; Chianelli, R. R.;
Rios, J.; Parsons, J. G.; Gamez, G. J. Hazard. Mater. 2000, 80 (1-3), 175.

Patel, H.; Vashi, R. T. J. Saudi Chem. Soc. 2012, 16 (2), 131.
Chen, J.; Luan, Z. Fresenius Environ. Bull. 2010, 19 (10), 2200.

Ebeling, J. M.; Sibrell, P. L.; Ogden, S. R.; Summerfelt, S. T. Aquac. Eng. 2003, 29 (1-2),
23.

Banu, R. J.; Do, K. U.; Yeom, I. T. Int. J. Environ. Sci. Technol. 2007, 5 (1), 93.

An, J.-S.; Back, Y.-J.; Kim, K.-C.; Cha, R.; Jeong, T.-Y.; Chung, H.-K. Environ. Technol.
2014, 35 (13-16), 1668.

Ahmad, A. L.; Sumathi, S.; Hameed, B. H. Chem. Eng. J. 2006, 118 (1-2), 99.
Jenkins, D.; Ferguson, J.; Menar, A. Water Res. 1971, 5, 369.

Roussy, J.; Van Vooren, M.; Guibal, E. J. Dispers. Sci. Technol. 2005, 25 (5), 663.
Huang, C.; Chen, Y. J. Chem. Technol. Biotechnol. 1996, 66 (3), 227.

Guibal, E.; Van Vooren, M.; Dempsey, B. a.; Roussy, J. Sep. Sci. Technol. 2006, 41 (11),
2487.

Huang, C. Water Res. 2000, 34 (3), 1057.
Poon, L.; Younus, S.; Wilson, L. D. J. Colloid Interface Sci. 2014, 420, 136.
Shak, K. P. Y.; Wu, T. Y. Ind. Crops Prod. 2015, 76, 11609.

Vijayaraghavan, G.; Shanthakumar, S.; Division, E. E.; Sciences, B. In International
Conference on Recent Advancement in Chemical Environmental & Energy Engineering;
2014; pp 1-5.

Zhao, Y. X.; Gao, B. Y.; Wang, Y.; Shon, H. K.; Bo, X. W.; Yue, Q. Y. Chem. Eng. J. 2012,
183, 387.

Zhao, Y. X.; Gao, B. Y.; Shon, H. K.; Wang, Y.; Kim, J. H.; Yue, Q. Y.; Bo, X. W.
Bioresour. Technol. 2012, 108 (0), 45.

Xue, C.; Wilson, L. D. Carbohydr. Polym. 2015, 132, 369.

Sedlak, R. I. Phosphorus and nitrogen removal from municipal wastewater, Second.; Lewis
Publishers: New York, USA, 1991.

Teh, C. Y.; Wu, T. Y.; Juan, J. C. Ind. Crops Prod. 2014, 56, 17.
Levi¢, L.; Gyura, J.; Djuri¢, M.; Kuljanin, T. Eur. Food Res. Technol. 2005, 220 (1), 70.
Kurita, K. Mar. Biotechnol. 2006, 8, 203.

96



(63)
(64)

(65)
(66)

(67)

(68)
(69)
(70)

(71)

Lee, C. S.; Robinson, J.; Chong, M. F. Process Saf. Environ. Prot. 2014, 92 (6), 489.

Razali, M. A. A.; Ahmad, Z.; Ahmad, M. S. B.; Ariffin, A. Chem. Eng. J. 2011, 166 (2),
529.

Edzwald, J.; Tobiason, J. Water Sci. Technol. 1999, 40 (9), 63.

Hoogeveen, N. G.; Cohen Stuart, M. A.; Fleer, G. J. Colloids Surfaces A Physicochem. Eng.
Asp. 1996, 117 (1-2), 77.

Barbosa, R.; Lapa, N.; Lopes, H.; Morujo, A.; Mendes, B. Water Sci. Technol. 2013, 68 (9),
2019.

Wang, X.; Liu, Z.; Liu, J.; Huo, M.; Huo, H. PLoS One 2015, 10 (12), 1.
Li, J.; Lv, G.; Bai, W.; Liu, Q.; Zhang, Y.; Song, J. Desalin. Water Treat. 2016, 57, 4681.

Kilpimaa, S.; Runtti, H.; Kangas, T.; Lassi, U.; Kuokkanen, T. Chem. Eng. Res. Des. 2014,
92 (10), 1923.

Hena, S.; Atikah, S.; Ahmad, H. Int. J. Eng. Sci. 2015, 4 (1), 51.

97



CHAPTER 4
4 Flocculation optimization of orthophosphate with FeCls and alginate using

the Box-Behnken response surface methodology?

Description

In this research, coagulation-flocculation (CF) optimization was performed using the Box-
Behnken experimental design and response surface methodology (BBD-RSM) on a binary system
consisting of alginate and ferric chloride (FeCls) for the removal of orthophosphate (P;). FeCls was
chosen over alum due to the health concerns associated with the use of aluminium in wastewater
and water treatment. Several factors affecting the CF process were optimized and their individual
and interactive effects on P; removal were investigated. Optimal CF conditions were obtained,
which showed comparable results for both experimental and predicted values of P; removal. The
alginate-FeClz binary system also displayed maximum adsorption towards P; in accordance with
the flocculation kinetics and adsorption results.

Author’s contribution

Lee D. Wilson and | conceived the project. | performed all the experimental work, data
processing and analysis, and wrote the first draft of the manuscript as well as making further
revisions where and when necessary on subsequent drafts. Dr. L.D. Wilson was responsible for
the supervision of the project, editorial guidance for revision of the manuscript drafts, and
corresponding author. Permission was obtained from all contributing authors before the inclusion

of the manuscript in this thesis.

Relation of Chapter 4 to Overall Objective of this Project

This research builds upon the demonstrated utility of native biopolymer flocculants combined
with metal ion coagulant in a binary system for improved removal of phosphate. It relates to the
overall objective of this thesis per the first theme (flocculation efficacy of combined biopolymer-

metal salt system towards dissolved phosphate removal in wastewater in single, binary and ternary

2 Reproduced in part with permission from Agbovi, H. K.; Wilson, L. D. Ind. Eng. Chem. Res. 2017, 56 (12), 3145-
3155. Copyright 2017 American Chemical Society.
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CF system). Herein, CF optimization study was performed on FeCls-alginate binary system using
the BBD-RSM for the removal of orthophosphate, Pi. The BBD-RSM was employed to provide
an empirical relationship between the response function (Pi) and the independent variables (CF
factors). The validity of the predicted response function was confirmed by experimental data,
which showed comparable results. This study relates to the first theme and supports hypotheses 2,

4 and 6, discussed in Chapter 1.

4.1 Introduction

Phosphorus is an essential plant nutrient for growth and development, where it exists in aquatic
systems as orthophosphate, polyphosphate or organophosphate. Major sources of phosphate in
water and wastewater originate from human, domestic and industrial waste, as well as fertilizer
effluent run-off from agricultural activities.! Municipal wastewater may contain ca. 10 mg/L to 20
mg/L of total phosphorus.? Although phosphate is an essential micronutrient in water, elevated
levels lead to eutrophication and excessive algae growth in water.® To address eutrophication,
phosphorus effluent is regulated to levels below 0.05 mg/L.* In Ontario, Canada, a total phosphate
limit of 0.1 mg/L is usually imposed on industry (e.g., fertilizer, detergent, municipal and
institutional sewage treatment processing) discharge to surface water to prevent damage to aquatic
ecosystems.® Thus, water treatment technology is required to reduce phosphate in municipal and
industrial wastewater effluent drastically. The removal of orthophosphate (Pi) in wastewater has
been examined by different methods: adsorption®®, biological removal'®!, electro-coagulation®?,
membrane processes™® and chemical precipitation.***®

Among these various methods, coagulation-flocculation has attracted attention for primary and
secondary water treatment due to its efficiency, simplicity and relatively low cost.® Conventional
CF process involves addition of commercially available coagulants and/or flocculants such as
alum, lime, ferric chloride or ferric sulphate to the wastewater to precipitate the contaminants. The
solid by-products from the process are then removed by sedimentation and/or filtration.}” Among
the inorganic coagulants, ferric chloride has a widespread application over alum because of its
effectiveness in contaminant removal from water. Addition of ferric chloride to water results in a
hydrolysis reaction to form iron (111) hydroxide precipitates. The iron (111) hydroxide solid particles
have a high affinity towards many contaminants in wastewater, such as phosphate, arsenic and

sulphide species. Hsu'® has shown that Fe** has a stronger affinity for precipitating PO4> and a
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stronger hydrolyzing power than AI**. In contrast with aluminium-based coagulants such as alum,
ferric chloride has no significant adverse health effects in wastewater treatment.®

Inorganic salts are widely used to precipitate phosphate due to their cost effectiveness and
readily availability. However, mineral salts pose several disadvantages, such as large dosage
requirements, ineffectiveness at lower temperatures, pH dependent performance, sludge
production and human health concerns.?® Even though the inorganic coagulants have several
disadvantages as coagulants, studies have shown that when they are used as coagulants together
with other polymeric flocculants or coagulant aids, the disadvantages can be offset or eliminated.
A smaller dosage of the inorganic coagulants is realized in the case of binary or ternary coagulant-
flocculant systems. In addition, the inorganic coagulants can function synergistically with the
biopolymer materials, which contribute to reduced sludge volume and greater mechanical stability
of the sludge by-products from the flocculation process.?? The use of synthetic polymer
flocculants and/or coagulant aids, such as polyacrylamide, poly(diallyldimethyl) ammonium
chloride and poly(styrene) derivatives for the removal of contaminants in wastewater are known.*
Polymer flocculants have advantages over the use of inorganic salts that include greater
contaminant removal efficiency, ability to form large flocs with high density, higher mechanical
strength, and favorable settling properties, as discussed in Chapter 3. Polymers possess useful
properties over a wide pH range and yield less sludge without metal residuals whilst maintaining
the alkalinity of water. By contrast, synthetic polymers are non-biodegradable, relative higher cost,
and pose potential biological toxicity.?® The development of coagulant aid and biopolymer
flocculants in binary systems have several advantages such as being cost effective,
biodegradability, biocompatibility, reduced toxicity, with minimal production of pollutants.?” The
application of biopolymer flocculants such as alginate, chitosan, cellulose and biomass materials
offer benefits to water treatment based on their renewable nature, biodegradability, innocuous

waste production, and tunable efficiency.?®

m

Figure 4.1: Chemical structure of alginate, where m and n denote the degree of polymerization.
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Alginate has significant potential as a coagulant aid for wastewater treatment. It is a linear
biopolymer obtained from marine brown algae (seaweed) and capsular polysaccharides typically
found in soil bacteria.?® Alginate is an anionic block copolymer above its pKa value (3.5), that is
composed of B-D-mannuronate (M) and a-L-guluronate (G) units linked by p-1—4 and a-1—4
glycosidic bonds, as shown in Figure 4.1.%° Alginate contains carboxylic acid groups on each
monomer unit thus possesses diverse functionality in water treatment such as chelation with
reactive polyvalent metal cations.®® Alginate has been studied as a flocculant in wastewater
treatment, where Wu et al. have studied the effect of alginate as a coagulant aid in conjunction
with alum.?? The coagulation performance of alginate with metal salts such as ferric chloride, alum,
titanium tetrachloride and polyaluminium chloride was reported by Zhoa et al.?#% Devrimic et
al.%® have used calcium alginate to reduce turbidity in water, while alginate was studied for the
color removal in textile effluent as a coagulant for dye species.?! These reports indicate that
combined use of alginate and metal ions have synergetic effects on contaminant removal efficacy.

The algal form of alginate is a coagulant aid for wastewater treatment in the removal of
phosphate has not been reported in the open literature. This study aims to optimize the coagulation-
flocculation potential of alginate in conjunction with ferric chloride for the removal of phosphate
along with the Box-Behnken Design (BBD) and the response surface methodology (RSM). The
BBD method is an efficient and widely used approach in experimental design.3* RSM is aimed at
the factorial design for determining the optimal operational conditions for a given system to meet
regulatory requirements.®? In addition, binary coagulant-flocculant systems such as alginate with
ferric chloride have potential cost reduction advantages due to the reduced dosage, enhancement

of the flocculation activity, and potential risk reduction to human health.

4.2 Materials and methods
4.2.1 Materials

All chemicals were of analytical reagent (AR) grade. Hydrated ferric chloride (FeCls-6H-0),
anhydrous monobasic potassium phosphate (KH2PO4), NaOH (aq), HCI (ag), vanadate molybdate
reagent (ag) and medium viscosity sodium alginate were purchased from Sigma-Aldrich (Oakville,
ON. Canada). The coagulation-flocculation experiments were carried out using a six-plate

conventional Jar-test apparatus, originally developed by Phipps & Bird with six parallel stirrers.
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4.2.2 Coagulation-flocculation experiment

Standard orthophosphate (Pi), ferric chloride and alginate aqueous stock solutions were
prepared by dissolving in deionized and distilled water. A calibration curve of P; was obtained
using a vanadate molybdate colorimetric method at a wavelength of 420 nm at pH 6.5.3° The
coagulation-flocculation was performed, based on the experimental design matrix obtained from
the BBD and the RSM, using a program-controlled conventional jar test apparatus with six-2 L
jars and stirrers. Approximately, 1 L of simulated Pi containing sample was added to the jar tester
and 5.0 ml of the Pj solution was sampled and used for UV-Visible analysis by adding 1.0 ml of
vanadate molybdate reagent. After addition of the reagent to the Pi sample, a yellow colored
complex developed after 20 min before recording the UV-Vis absorbance. The pH of the P;
solution was adjusted using 0.1 M NaOH or 0.1 M HCI to the desired value according to the
experimental design. The CF experiment was carried out by adopting the procedure described in
Section 3.2.2 in Chapter 3. A pre-determined amount of the coagulant (ferric chloride) was added
to the solution, followed by rapid stirring for 3 min at 295 rpm. Thereafter, the stirring rate was
reduced to 25 rpm for 20 min. During this period, the alginate (flocculant) was added within the
first 5 min. The stirring was then stopped where different settling times (10 — 60 min) were tested.
Following the settling time, a 5.0 ml aliquot of the solution was sampled from the top and prepared
for UV-Vis analysis for Pi using the colorimetric method discussed above. The pH of all the
solutions was measured after the appropriate settling period. The aqueous concentration of P;
before (co) and after (ce) the CF experiment was determined, as described above. The experiments
were performed in triplicate, where the average value and the standard deviation are reported. The
orthophosphate removal (Pi removal, %) and the removal capacity (Pi; mg-g™) was calculated by
equations (4.1) and (4.2), respectively.*

%P C, —Ce

iremoval —

x100% (4.1)

o

9, = W (4.2)

Here, co and ce are the initial and equilibrium concentrations of P; in solution (mg/L), V is the

volume (L) and m is the mass of the FeClz-alginate flocculant system (g).
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Table 4.1: Levels of each variable for the Box-Behnken experimental design

Independent Unit Symbol Coded level

variable Low (-1) Middle (0) High (+1)
pH X 2 6.1 10
Alginate dose mg/L z 0.5 7.8 15
Settling time min m 10 35 60
FeCls dose mg/L n 10 12 15

4.2.3 Box-Behnken experimental design

The traditional method of coagulation-flocculation involves changing one factor at a time and
requires many experiments which may be time-consuming, often leading to low optimization
efficiency. To address this problem, the design of experiment (DOE) was used to study the effect
of the independent variables (CF factors) and their responses using a minimum number of
experiments. RSM is a collection of statistical and mathematical methods which are useful for
developing, improving, and optimizing processes.3*3¢ The selection of an adequate experimental
design is a key consideration in experimental optimization. The Box-Behnken Design (BBD)
method was employed to obtain the optimum Piremovai. The BBD is an independent, rotatable
quadratic design with no embedded factorial or fractional factorial points where the variable
combinations are at the mid-points of the edges of the variable space and at the center.3” The BBD
requires fewer treatment combinations than the central composite design, especially in cases with
three or four factors, and is less expensive to perform. The BBD allows efficient estimation of the
first- and second-order coefficients and does not have axial points. Thus, it is certain that all design
points fall within a safe operating zone. The BBD approach ensures that not all factors are set at
their high levels at the same time. This affords identification of significant effects of interaction
for batch studies.3 4

Preliminary experiments indicate that important variables affecting Piremovai include ferric
chloride dosage, alginate dosage, pH and settling time. These variables were evaluated to optimize
Piremoval. FECl3 dosage was varied between 10 mg/L and 15 mg/L, alginate dosage (0.5 mg/L to 15
mg/L), pH (2 to 10), and settling time (10 to 60 min). In Table 4.1, the experimental design had
four variables (x, z, m, and n) for pH, alginate dosage, settling time and FeClz dosage, respectively,
each at three levels, coded as -1, 0 and +1, for low, middle and high values, respectively. Twenty-
seven experiments were carried out according to the statistical matrices developed by the RSM, in
order to account for variability of the independent variables on Piremoval. The experimental data
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was fit using a non-linear regression method using a second order polynomial to identify
significant coefficient terms. The application of RSM provides an empirical relationship between
the response function and the independent variables. The quadratic response model is based on all
linear terms, square terms, and linear interaction terms, according to equation (4.3).%

Y =ho+ > bx + > bixZ+ D by (4.3)
Here, Y is the predicted response (Piremoval €fficiency) bo is the model constant, bi is the linear
coefficient, bji is the quadratic effect of the input factor xi, bjj is the linear interaction effect between
the input factors x; and X;.

The response function coefficients were determined by regression using the experimental data
and the Statgraphics XV11-X64 regression program. The response functions for phosphate removal
(%) was approximated by the standard quadratic polynomial equation in equation (4.4). Equation
(4.4) describes the regression model of the system, including the interaction terms.*

Y =b,+bx+b,z +b,m+ b,n+b,x*+b,xz +b ,xm+b,xn +b,,z* +b,.zm (4.4
+ b,,zn +b,;m?+ b,,mn +b,,n '

Y is the predicted response, phosphate removal (%); x, z, m and n are the coded levels of the
independent variables: pH, alginate dosage, settling time and FeCls dosage, respectively. The
regression coefficient, bo denotes the intercept term; bi, bz, bs and bas represent the linear
coefficients; b1, b1z, b1s, b23, b2s, and bzs represent the interaction coefficients and b11, b2z, bssz and
bas denote the quadratic coefficients. Analysis of variance (ANOVA) was employed to perform
diagnostic tests on the adequacy of the proposed model. The ANOVA test estimates the suitability

of the response functions and the significance of the effects of the independent variables.

4.3 Results and discussion

4.3.1 Box-Behnken analysis

The Box—Behnken Design for statistical analysis and the response surface methodology was
employed to investigate the effects of the four independent variables on the response function, and
determination of the optimal conditions to maximize P; removal (%). The independent variables
were pH (x), alginate dosage (z), settling time (m) and FeCls dosage (n). The experimental design
involved four variables (x, z, m, and n), each at three levels, coded as -1, 0 and +1, for low, middle
and high values, as shown in Table 4.1 The optimization procedure comprises study of the response

of the statistically designed combinations, estimating the coefficients by fitting the experimental
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data to the response functions, predicting the response of the fitted model and goodness-of-fit of
the model.>"® The results for the Pi removal efficiency are listed in Table A9.6 in Appendix A.
The coefficients of the response function for the dependent variables were determined by
correlating the experimental data with the response functions using Statgraphics XVI1I-X64
regression program. Different response functions and the respective coefficients are described by

equation (4.5).

Y =-95.4 +17.2x+0.260z + 0.611m - 1.53- 1.53x*+ 0.172xz - 0.0022xm - 0.329xn

(4.5)
- 0.0982z% - 0.00317zm+ 0.0361zn -0.0117m’+ 0.0234mn -0.8746n°

Statistical testing of the model was performed with the Fisher’s statistical test for analysis of
variance (ANOVA). The ANOVA test for the P; removal is presented in Table 4.2. The ANOVA
test estimates the suitability of the response functions and the significance of the effects of the
independent variables. Student’s t-test and p-values were checked to determine the statistical
significance of the BBD-RSM variables and their interactions (combination of two codes or
variables) at variable probability values.*? A large value of F, according to ANOVA test, indicates
that most of the variables in the response can be explained by the regression equation, and
probability value (p values) less than 0.05 are considered to be statistically significant. The
ANOVA results indicate that the second order polynomial equation adequately represents the
actual relationship between the response function (Pi removal efficiency) and the independent
variables (FeCls dose, alginate dose, pH and setting time). The F-value model was 250.82, implied
the model was significant. Values of p less than 0.05 indicated that the model terms were
significant, and values greater than 0.05 were considered statistically insignificant.

Figure 4.2 is a Pareto plot that depicts the standardized effect variables based on the t values of
the independent variables, along with quadratic and interaction effects. The length of each bar in
Figure 4.2 represents the standardized effect of that variable on the response function (Pi removal),
and the alpha level of 0.05 was employed to evaluate the statistical significance.

The selected 1%-order and 2"-order variables were shown to be statistically insignificant
except pH (x), x?, according to the Pareto plot in Figure 4.2 and Table 4.2. Also, for the interactive
variables, xz, xn, and mn were found to be insignificant, whereas; xm, zn and zm are statistically
significant. The insignificant variables were identified because the Pareto bars for these variables

are below the reference line, as shown in Figure 4.2, and their p values are relatively high (p >
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0.05), as listed in Table 4.2. The quadratic term for pH (x?) is the most significant component of
the regression model for the present application. The pH was also identified by the linear terms
among the independent variables that had a significant effect on the Pi removal €fficiency. Moreover,
each bar in the plot represents an absolute standardized effect. Values in grey display positive
effects while those in black have negative effects on the response variable.

The goodness-of-fit by the regression model was evaluated by coefficients of R?, adjusted R?,
standard error of estimate and mean absolute error (MAE). The R? statistic indicates that the model
as fitted explains 99.6% of the variable Piremoval efficiency. The adjusted R? statistic (99.2%) is
more suitable for comparing models with independent variables. The standard error of estimate
shows the standard deviation of the residuals to be 1.42. The MAE was 0.77 and is the average
value of the residuals. The accuracy of the regression model was checked by the parity and residual
plots in Figure 4.3. Figure 4.3(a) illustrates the plots of the predicted Pi removal (%) versus
measured values. Most of the data are distributed near the straight line where the measured and
predicted Piremoval are the same and indicates that the regression model is able to predict these
values. These plots provide information on the fit criteria contained in the residuals. In Figure
4.3(b), the maximum deviation between the predicted and the measured Piremoval IS below 3.0%

and reveals a good correlation between the predicted and the measured values.
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Figure 4.2: Pareto chart showing the standardized effects of variables on phosphate removal
efficiency.
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Table 4.2: Analysis of variance (ANOVA) results of phosphate removal efficiency as a function

of pH, FeCls dosage, alginate dosage and settling time

Source Sumof - Degree of  Mean F-Ratio p-value Remarks
squares  freedom square
X 3110 1.0 3110 1540 0.000  Significant
z 8.234 1.0 8.234 4.080 0.066 Insignificant
m 18.78 1.0 18.78 9.300 0.010  Significant
n 1.248 1.0 1.248 0.620 0.447  Insignificant
XX 3212 1.0 3212 1591 0.000  Significant
Xz 100.2 1.0 100.2 49.63 0.000  Significant
Xm 0.198 1.0 0.198 0.100 0.760 Insignificant
Xn 43.23 1.0 43.23 21.41 0.001  Significant
2z 142.1 1.0 142.1 70.40 0.000  Significant
zm 1.323 1.0 1.323 0.660 0.434  Insignificant
zn 1.716 1.0 1.716 0.850 0.375  Insignificant
mm 283.1 1.0 283.1  140.24 0.000  Significant
mn 8.585 1.0 8.585 4.250 0.062 Insignificant
nn 159.4 1.0 159.4 78.93 0.000  Significant
Total error 24.23 12 2.019
Total (corr.) 6609 26
100 1 3 1
_ I R2=0.9963 ] o
© 90 A —~2 1
3 1 S ¥ o °
S 80 % =17 °o 4
1 o e} (o} o
SKE: 50 ke,
- 1 g i © 8 o
g "} = S ©
© T Y23 O
£ 50 ] -2 4 o
g I 1 o
o 40 -3 HAHHHHHHHH
40 50 60 70 80 90 100 40 50 60 70 80 90 100

Oberved P; (%) removal

Predicted P; (%) removal

Figure 4.3: (a) Parity plot showing the correlation between the predicted and experimental values
of phosphate removal efficiency (b) Percent error as a function of predicted phosphate removal.

4.3.2 Main effect plots

Figure 4.4 displays a plot of the main effects and the independent variables for the Piremoval

efficiency. The main effect plots are used to depict a preliminary conclusion about effects of the
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flocculation variables. The role of independent variables; pH, FeCls dose, alginate dose, and
settling time on the response function are shown in Figure 4.4. The effect of pH in Figure 4.4(a) is
significant on the Piremoval, Where optimum removal was obtained at 4.7, with a sharp decrease in
the slope as the pH increases. As the FeClz and alginate dosage increases (Figure 4.4 (c & d)), the
removal efficiency increases until an optimum dose is obtained at 12.5 mg/L and 7.5 mg/L,
respectively. An increase in their respective dosages beyond the optimum level leads to a decrease
in the response function. The settling time does not appear to have any considerable influence on
the response function, since there is no significant variation in the Pjremoval efficiency with time, as
depicted in Figure 4.4(b). Employing the main effect to evaluate the response function is
problematic because the interaction between different independent factors may affect the response

variable. Hence, the effect of the interaction variables is discussed in the next section.
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Figure 4.4: Main effects plot of (a) initial pH, (b) settling time (c) alginate dose and (d) FeCls
dose on phosphate removal efficiency.
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4.3.3 The interactive effects of variables on phosphate flocculation

The three-dimensional (3D) response surface plots and 2D contour plots in Figure 4.5 were
obtained from the model-predicted response by keeping two independent variables constant at the
optimal level while varying the other two terms within the experimental conditions. The response
surface is a graphical representation of the regression equation for visualization of the relationship
between the response and experimental levels of each variable.*® These plots are useful to assess
the interactive relationship between the independent variables and the response function. The
obvious peak in the response surfaces indicates that the optimal conditions were exactly located
inside the design boundary. The elliptical contour plots show significant interactive effects on
Piremoval €fficiency between any two variables. In other words, there are significant interactive
effects on the response variables between FeCls and alginate dosage, FeCls dosage and pH, FeCls
dosage and settling time, alginate dosage and settling time, pH and settling time, as well as alginate
dosage and pH. The interactive effects between different variables are presented and discussed
below.

The response surface and contour plots for the interaction between pH and FeCls dose at the
optimal levels of alginate dose and settling time are presented in Figure 4.5(i). Between pH 1.0
and 4.7, the Pi removal iNncreased from 62.5 to 99%. However, as the pH increases further, the removal
efficiency decreases significantly. At pH 10 and FeCls dose of 15.0 mg/L, the Piremoval iS 55%. At
pH 2 and FeClz dose of 12 mg/L, the Piremoval Was 77.5%. This is expected because pH plays an
important role in the CF process. Charge neutralization on hydrolysis products and the
precipitation of hydroxides of Fe(lll) can be controlled by pH variations. Phosphate has anionic
surface charge, where hydrolysis products of the ferric chloride can neutralize the P; charge.
Therefore, charge neutralization is a likely mechanism for Pj removal, Where adsorption and sweeping
may be considered as possible removal mechanisms due to the presence of alginate. The P;
precipitation by the hydrolysis products of Fe(lll) could be controlled by surface complexation
mechanism, as discussed in Chapter 2. In acidic media at low pH, protonation may occur, resulting
in reduced charge density, which leads to self-aggregation of P; where less coagulant is required.
For instance, at fixed pH, an increase of the FeCls dose leads to greater Piremoval Until an optimum
dose of 12.5 mg/L which decreases gradually as the FeClz dose increases further.

Piremoval Was studied as a function of pH and alginate dose is presented in Figure 4.5(iia) as 3D

and 2D plots, respectively. The plots indicate that the optimal regions for the two interacting
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variables are located within the design boundary. At constant alginate dosage such as 6.0 mg/L,
the Piremoval INCreases until an optimum pH condition is obtained. As the pH increases beyond the
optimum level, the Piremoval decreases significantly. By comparison, the alginate dose increased at
constant pH where the Pjremovar iNncreases steadily with an optimum dose of 7.75 mg/L and
decreases as the alginate dose increases beyond the optimal level. As pH and alginate dose were
increased, the Piremoval iNncreased, while a decrease in Pijremoval OCCUrs as the pH and alginate dose
increase beyond their optimal values.

Figure 4.5(iii) shows the effect of variable pH and settling time at the optimal levels of FeCls
and alginate dosage on the Pi removal. At constant pH, greater Pjremovar 0Ccurred with longer settling
time until it reached an optimal value at 37 min, and a sharp decrease with a further increase in
settling time. During the long contact time, the P; species were destabilized which led to the
formation of large flocs with excellent settling ability. However, beyond the optimal settling time,
restabilization of the flocs occurred that resulted in lower Piremoval. On the other hand, an increase
in pH at constant settling time yielded greater Piremoval, Where the response variable decreased as
the pH increased beyond the optimal level. As the pH and settling time decreased or increased
beyond their optimal level, the Piremoval Was lower relative to the optimal conditions.

Figure 4.5(iv) represents the response surface and contour plots for Piremoval at optimal levels of
pH and settling time, and variable FeClz and alginate dosage within the experimental design. The
interactive effect of the alginate and FeClz dosage does not appear to strongly affect Piremoval.
Greater removal efficiency (> 92%) was obtained at all conditions. The greater Pi removal
efficiency could be associated with several mechanisms such as, charge neutralization, surface
complexation, polymer bridging and adsorption. The response surface plot shows a clear
maximum, indicating that the optimum condition for Pjremovar IS Well within the experimental
design boundary conditions. At the optimum pH, metal hydroxide of the iron neutralizes the
phosphate through charge neutralization. The FePO4 precipitate is swept and then adsorbs the
alginate polyelectrolyte species through sweeping and ion-binding adsorption mechanisms.**

Figure 4.5(v) depicts the response surface and contour plots for Piremova at optimal levels of pH
and FeCls dose, with variable alginate dose and settling time for the experimental design. From
Figure 4.5(v), at constant alginate dose, the Piremoval increases from 10 to 37 min. However, beyond
the optimal settling time, the Piremovar remains virtually constant. Greater removal (85-92%) was

obtained at all working conditions. This implies that the interaction between settling and alginate
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dosage within the specified range does not have a significant impact on Piremoval. Similar results

were observed for the variation between settling time and FeClz dose, as shown in Figure 4.5(vi).
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Figure 4.5: (a) 3D Box-Behnken response surface and (b) 2D contour plots of Pi removal as a
function of (i) pH and FeCls; (ii) pH and alginate dose; (iii) pH and settling time; (iv) alginate dose
and FeCls dose; (v) alginate dose and setting time; (vi) setting time and FeCls dose.
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Table 4.3: Results of validation experiments under optimized conditions

Independent variable Pi Removal (%)
Tes Settling . .
t pH FeClsdose  Alginate dose time Experllmental Estlr?ated
(mg/L) (mg/L) (minutes) vaiue vaiue
1 4.6 13 7.1 37 99.7+£0.7 99.6
2 3.0 10 3.0 15 85.4+0.9 85.7
3 4.0 11 5.0 25 90.1+1.38 90.5
4 5.0 12 7.0 35 94.7+0.5 95.1
5 6.0 13 9.0 45 944+09 94.3
6 9.0 14 12 55 74609 74.8

4.3.4 Confirmation and validation

The validity of the statistical methodology in estimating the P; removal efficiency was
confirmed by carrying out additional experiments in triplicate at the predicted optimized levels
obtained from the solution of equation (4.5), and five other conditions within the range of the
experimental design. The selected conditions for the pH, FeCls dosage, alginate dosage and settling
time are listed in Table 4.3, along with the predicted and the measured results. The Pjremoval
determined experimentally was 99.7 £ 0.7%, which is significantly close to the predicted optimal
Piremoval (99.6%). As shown in Table 4.3, the measured and the estimated values of Piremoval
obtained from RSM are in good agreement. The result verifies that the RSM approach is useful for
optimizing the operational conditions of the CF process. As well, RSM enables prediction of an
empirical relationship between the response factor and the independent variables. Table A9.7 in
Appendix A represents a comparison between the removal of P; using a different coagulant and/or
flocculant system. The results show that the P; removal at the optimized conditions herein for the
binary Fe(lll)-alginate coagulant-flocculant system is significantly greater when compared with

other coagulant-flocculant systems.

4.3.5 Flocculation Kinetics

The contact time between the orthophosphate (Pi) and the flocculant is a significant factor in
understanding the flocculation process and the flocculation kinetics of P; at fixed initial flocculant
dosage.*”*® Figure 4.6 illustrates the effect of contact time on the flocculation ability of Fe(lIl)-
alginate flocculant with P; at the RSM optimized conditions. The flocculation process is divided
into three regions. In the first region, there is a rapid increase in the flocculation up to 15 min, it

then increases steadily until a dynamic equilibrium is reached at 35 min and remains nearly
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constant thereafter. The behavior in the first region is due to electrostatic interaction between the
phosphate and the ferric cations, leading to charge neutralization. P; is negatively charged and
favors interaction with metal cation species to neutralize its surface charge. The trivalent iron metal
cation may act as a cross-linker along the alginate chain to form a stable gel which leads to
adsorption of P;.*”*8 In the second region, there is a gradual increase in the flocculation efficacy
as a result of a reduced effective cationic charge on the flocculant surface. The third region
illustrates that the dynamic equilibrium for the floc formation is ca. 35 min, in agreement with the
RSM model. Similar results for the removal of dyes using such polysaccharide-based flocculants
were reported by Kono et al.*°

The kinetics of the flocculation process was examined at the optimized conditions. The
adsorption kinetics of P; with the Fe(l11)-alginate flocculant system was investigated using pseudo-
first-order (PFO) and pseudo-first-order (PSO) kinetic models. The PFO kinetic model assumes
that the sorption rate decreases linearly as the adsorption rate increases.>®®* By comparison, the
PSO kinetic model assumes that the rate-limiting step involves interaction between the adsorbent
and adsorbate is often applied to describe an adsorption process.®>? The PFO and PSO kinetic
models are shown in equations (4.6) and (4.7), respectively.

G =0, (1—e ™) (4.6)
k,q.’t

_ KOt 4.7

G =1 Tkqt 4.7)

Here, ge and g: are the amount of phosphate adsorbed (mg/g) at dynamic equilibrium and at time
t. ki and k> are the rate constants for the PFO and PSO kinetic models, respectively. ki, ko and ge
were estimated using non-linear regression fitting according to equations (4.6) and (4.7). The “best
fit” criterion between the experimental data and the kinetic models was determined by minimizing

the absolute sum of squares of errors (SSE) by equation (4.8).

SSE — Z (qe,i T\lqc,i) (48)

Here, ge,i is the experimental value and qc; is the calculated or predicted value, according to the

kinetic model and N is the number of experimental data points.
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Figure 4.6: Flocculation kinetics of P; removal in aqueous solution at variable time intervals,
where ¢, = 10.0 mg/L.

Figure 4.6 illustrates the kinetic results of the flocculation of Pi with the Fe(lll)-alginate
flocculant system. The blue and red curves in Figure 4.6 represent the theoretical PFO and PSO
kinetic models, respectively. In Figure 4.6, the Piremoval is Well described by both PSO and PFO
kinetic models. Values of ki, k2, ge and R? obtained from the regression analysis are listed in Table
4.4. The correlation coefficient (R?) for the PFO model (R? = 0.998) exceeds that of the PSO model
(R?=0.988). Also, it is evident that the predicted values of ge determined by the PFO model agrees
well with the experimental values relative to the PSO kinetic model. In addition, the rate constant
of the PFO (k1) model is significantly greater than that of the PSO (k2) model. This PFO adsorption
mechanism describes the flocculation of phosphate by Fe(lll)-alginate, according to the PFO
model. The adsorption of Pi by the flocculant system indicates that the sorption rate decreases
linearly as the adsorption rate increases, Similar results were reported for the flocculation of
anionic dyes and arsenates by polysaccharide-based flocculants.*>46:°354 The rapid equilibrium
process at 35 min is shown in Figure 4.6, indicating that P; species interact with the outermost
surface of the flocculant system.
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Table 4.4: Pseudo-First-Order (PFO) and Pseudo-Second-Order (PSO) kinetic variables for P;
removal in aqueous solution at optimized flocculation condition. ¢, (Pi) = 10.0 mg/L

Model Qt (mg-g?) k-10° R?
PFO 49.3+0.3 136.7 + 3.1 min! 0.998
PSO 556.7+1.1 3.1+03gmg !min! 0.988

4.3.6 Adsorption isotherms

Adsorption processes in CF systems can be described through graphical isotherms. Adsorption
isotherms provide insight concerning the interaction between adsorbates and adsorbents at the
optimization conditions.*® The Langmuir®, Freundlich®® and Sips®’ isotherm models are the most
frequently used to describe adsorption during a flocculation processes of colloidal particles. In this
study, the adsorption isotherm models were used to understand the adsorption processes to
elucidate the flocculation mechanism.

The Langmuir adsorption isotherm model is based on the assumption that adsorption occurs at
specific homogeneous sites with the adsorbent and is described by equation (4.9).

= 1K+Iq—K,i (4.9)
Here, gm (mg-g?) is the monolayer adsorption of Pi per unit mass of Fe(l11)-alginate adsorbent and
0 is the amount of adsorbed Pi (mg-g?). Ki (Lg™?) is the equilibrium adsorption constant, which is
related to the affinity of the binding sites and is related to a dimensionless constant called the
separation factor or equilibrium variable, R, according to equation (4.10). The adsorption process
can be categorized into four groups based on the value of Ri: irreversible (R = 0), favorable (0 <
Ri < 1), linear (R = 1) and unfavorable (R > 1).

R = 1
1+Kc,

(4.10)

The Freundlich isotherm model accounts for multilayer sorption by assuming that the adsorbent
has a heterogeneous surface with non-uniform distribution of sorption sites. The Freundlich

adsorption isotherm is described by equation (4.11).
0. =Kc,* (4.11)
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Kt is the Freundlich isotherm constant which relates to the adsorption capacity and n is a
dimensionless constant. The empirical exponent variable gives valuable information on the shape
of the isotherm, where the adsorption process may be classified as unfavorable (1/n > 1), favorable
(1/n < 1), and irreversible (1/n = 0).

The Sips isotherm model (equation (4.12)) shares features of the Langmuir and Freundlich
isotherms. At low adsorbate concentrations, it converges to a Freundlich isotherm. At high
adsorbate concentration (or n = 1), the model reduces to a Langmuir isotherm.>®

nS
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Figure 4.7: The adsorption isotherm of phosphate by combined FeCls and alginate at optimized
flocculation condition. Initial phosphate concentration (1.0 — 20.0) mg/L.

Figure 4.7 is the adsorption isotherm for the removal of P; by Fe(l11)-alginate. The experimental
data were fit by the Langmuir, Freundlich and Sips isotherm models. The fitted lines through the
data represent the goodness-of-fit of the isotherm models employed herein, where the variables are
listed in Table 4.5. According to the results in Figure 4.7 and Table 4.5, the removal of Pi by the
Fe(lll)-alginate system is well-described by the Langmuir and Sips models. The dimensionless
constant, Ry obtained from the Langmuir (0.054) and Sips (0.049) models indicate favorable
adsorption of phosphate. Also, the monolayer adsorption capacity (qm; mg/g) for P; is given in
parentheses at the optimized conditions: Langmuir (83.6+£1.02) and Sips (80.3+1.88) isotherm

models. The values obtained from the Langmuir and Sips models are in good agreement, where
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the Langmuir model is considered more reliable due to its relative simplicity and favorable
goodness-of-fit for the Fe(lll)-alginate isotherm system. As well, the exponent term (ns) is near
unity which implies that the Sips isotherm converges with the Langmuir model when ns= 1. Thus,
it can be inferred that the flocculation of orthophosphate by Fe(lll)-alginate follows a
homogeneous mechanism based on the charge neutralization reaction between the anionic P; and
the ferric cation.

The dimensionless constant, n°! in the Freundlich model, exceeds unity (2.4 +0.1) and indicates
that the adsorption process is not favorable. The Langmuir adsorption constant, K; is 0.88 + 0.01
mg/L, where this describes the adsorption process of P; adsorbed on Fe(lll)-alginate. This shows
that the flocs formed from the interaction between P; with Fe(l11)-alginate have stronger stability
in solution. The flocculation of P; species by Fe(lll)-alginate system follows a homogeneous
mechanism based on the charge neutralization reaction between the anionic P; and the ferric cation
species. The flocculation isotherm would be described by the Freundlich model if other
interactions occur besides electrostatic processes during flocculation. The Freundlich isotherm

model is often used to describe heterogeneous adsorption systems.*

Table 4.5: Langmuir, Freundlich and Sips adsorption isotherm coefficients for the flocculation of
phosphate by combined FeClz and alginate at pH 4.7

Adsorption Model Variable
Langmuir at: (mg/g) 84+1
Ki (L/mg) 0.88 +0.03
Ri 0.054
R? 0.998
Freundlich n 24+0.1
Kt (L/mQ) 37+1
R? 0.959
Sips q: (mg/gh) 80+ 2
Ks (L/mg) 0.97 £ 0.05
n 1.1+£0.1
Ri 0.049
R? 0.998

4.3.7 Mechanism
The use of chemical precipitation for the removal of soluble impurities or nutrients in water

depends on the nature of the complexes formed. The mechanism of chemical Pi removal involves
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a combined process of coagulation and precipitation that is influenced by solution conditions such
as pH and initial concentration. The mechanism of Pi removal by chemical precipitation, generally
involves two steps, which is known as the surface complexation model:®°
i. Formation of metal-hydroxide-phosphate complex, M(OH)zx(POs)x. These complexes
either act as centers of precipitation of phosphate ions on the M(111) hydrolysis species or
absorbed onto positively charged M(111) hydrolysis species.
ii. Adsorption of phosphate ions onto the M(111) hydrolysis species followed by separation via
sedimentation and/or filtration.
The mechanism involving the reaction when Fe(l11) is added to wastewater to precipitate P species
is complex and does not follow any simple single steps.5! The efficiency of the precipitation of the
oxidation product for P; removal depends on pH, initial P; concentration in the wastewater, iron
(111) dose and temperature.! Precipitation with ferric salt is most effective within certain pH range.
The optimum pH for ferric ion is 4.0 to 5.0.5% A simplified reaction that occurs between Fe(ll1)
and phosphate ions in wastewater is described by equation (4.13), where FePOj is precipitated
with Ksp value of 1.3x10°%,

FeCl, +PO,> — FePO, { +3CI” (4.13)

As ferric chloride is added to the wastewater containing Pj, the contaminants are predominantly
coagulated by charge neutralization and/or surface complexation. In this case, the positive charge
on the metal ion neutralizes the negatively charged sites of the P; particles. However, the use of
inorganic salts requires a higher salt dosage with the subsequent production of large sludge
volume. In addition, the pH of the solution is altered when inorganic salts are used in the
coagulation process. Organic polymers such as alginate may be used as coagulant aids to yield
enhanced precipitation of the contaminants compared with that of the sole use of ferric chloride.
Alginate acts as a destabilizing agent through charge neutralization and precipitation (surface
complexation) mechanisms due to the electrostatic attraction between the positive charges on the
polyelectrolyte and the negative charge on Pi. Hence, the growth of micro- to macro-flocs occurs
via flocculation due to the reduced surface charge of the particles, leading to decreased electrostatic
repulsion. Effective removal of P; is favored when the zeta-potential of particles is close to zero,
as demonstrated elsewhere.®® The high charge density of alginate imparts a greater charge to the
surface of the contaminant species leading to greater removal efficiency.®* High charge density
polymers adsorb as a well-defined monolayer orientation with reduced bridging interactions.% The
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charge neutralization mechanism enables flocculation among particles with a reduced surface
charge (reduction of zeta potential). Hence, a decreased electrostatic repulsion between colloidal
particles which favor van der Waals interactions to allow for initial aggregation of colloidal and
fine suspended materials as a microfloc.®*

At a higher dosage of alginate, there is greater P; removal efficiency for the same FeCls dose
and pH, as reported in Table A9.6 (Appendix A). This effect results due to ion-binding adsorption
of Pi species onto the Fe(ll1)-alginate surface via the surface complexation model. The adsorption
affinity between the polymer and P; is likely appreciable and outweighs the loss of entropy
associated with polymer because an adsorbed chain will have a more restricted configurational
state than a random coil in free solution.®® The mechanism of this flocculation process is an ion-
binding adsorption process that occurs between the hydroxyl polar functional groups of alginate
or charged sites on the polymer backbone and the anionic surface of the phosphate. Adsorption of
Pi onto alginate occurs when there are sufficient ferric ions present since Fe(lll) can act as a bridge
between alginate and Pi. In the absence of a Fe(l11) cation, limited flocculation occurs even at high

ionic strength, as observed in Chapter 3.

4.4 Conclusion

Optimization of a coagulation-flocculation process for orthophosphate (Pi) removal in aqueous
medium was investigated using a jar test system. The RSM using the Box-Behnken design method
was used to optimize the conditions for maximum P; removal. The FeClz and alginate dosage,
along with pH and settling time were determined as significant factors to yield optimal Pj removal.
The predicted quadratic polynomial model by the RSM method can be used to estimate the Pi removal
over the range of experimental variables. Optimal conditions for the CF process occurred at pH
4.6, FeCls (12.5 mg/L), alginate dosage (7.3 mg/L) and settling time (37 min), where the Pi removal
was 99.7+0.7%. This study shows good agreement between experimental results and the RSM
predictions, and further illustrates that the RSM can be used to model and optimize coagulation-
flocculation processes for phosphate removal.

The results for the optimized conditions indicate that Piremoval OCCUrS Via adsorption of P; by the
Fe(lll)-alginate flocculant system. Greater Piremovai OCCUrred at acidic versus alkaline conditions.
The variable Piremoval relates to the electrostatic interaction between orthophosphate anion species

and the flocculant system. Kinetic adsorption profiles show uptake within 35 min where the
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experimental results are well described by the pseudo-first-order kinetic model and Langmuir

isotherm model at equilibrium conditions. The maximum adsorption capacity of Fe(lll)-alginate

for Pi was obtained as 83.6 £ 1.02 mg/g. Electrostatic charge neutralization and ion-binding

adsorption and surface complexation mechanisms were found to control the flocculation process.

The results of this study will contribute to the further development of advanced water treatment

processes for the controlled removal of other waterborne oxyanion species.
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CHAPTER 5
5 Design of amphoteric chitosan flocculants for phosphate and turbidity

removal in wastewater?

Description

In this chapter, an amphoteric flocculant (CMC-CTA) was synthesized by quaternizing 3-
chloro-2-hydroxypropyl trimethylammonium chloride (CTA) onto carboxymethyl chitosan
(CMC). The structure of CMC-CTA was supported by various characterization methods. The dual
removal of T; and P; by flocculation was achieved using CMC-CTA, chitosan (CHI) and CMC,
with (and without) FeClz coagulant in a binary and single-component systems, where the effects
of several factors affecting the CF process were investigated. The results revealed modification of
native chitosan according to the synthetic procedure, produced polymers with improved functional
and flocculation properties when combined with FeCls in a binary system for P; and Ti removal in

an aqueous medium.
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the supervision of the project, editorial guidance for revision of the manuscript drafts, and
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of the manuscript in this thesis.

Relation of Chapter 5 to Overall Objective of this Project
An amphoteric chitosan-based flocculant material was prepared and characterized using
physicochemical methods related to flocculation properties. The study reported in this chapter

refers to the second theme (synthesis, characterization, and flocculation properties of high

3 Reprinted in part with permission from Agbovi, H. K.; Wilson, L. D. Carbohydr. Polym. 2018, 189, 360-370.
Copyright 2018 Elsevier.
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molecular weight chitosan-based amphoteric flocculant for P;i and Ti removal in a single-
component and binary systems) of the thesis research. It also addresses the hypotheses 1, 2, and 3
mentioned in Chapter 1. Herein, the increased molecular weight of the chitosan after the
modification increased the flocculation efficiency. Also, several external conditions were observed
to influence the flocculation properties of the flocculants. Additionally, the flocculation was well
described by pseudo-first-order and pseudo-second-order kinetic models for P; and Ti removal,

respectively.

5.1 Introduction

Environmental contamination from the discharge of domestic, municipal, and industrial
wastewaters has become a serious concern for developed and developing nations. Uncontrolled
discharge of effluents leads to pollution of groundwater, rivers, and lakes.>? Phosphorus is a key
environmental pollutant that has relatively high-water mobility, especially as orthophosphate (P;),
polyphosphate, phosphonate and/or organophosphate species. Orthophosphate (Pi) is a common
form of phosphorus that often exceeds organophosphate levels in wastewater.® In countries where
agriculture and animal husbandry are primary industries, the accumulation of phosphorous in water
bodies and soils relates to uncontrolled run-off from domestic/industrial waste and fertilizer
effluent from agricultural activities.* While phosphate is an essential micronutrient, municipal
wastewater may contain ca. 10 mg/L to 20 mg/L of total phosphorus.® Untreated phosphorous-
containing effluent may lead to eutrophication and excessive algae growth in lakes and rivers.® In
general, effluent is regulated to levels below 0.5 mg/L’, where discharge limits (mg/L) are
controlled, as follows: USA (0.5 — 1.0), India (5.0), France (1.0 — 2.0) , Tunisia (10.0), Canada
(0.1), Ghana (2.0), and Japan (16.0) mg/L."

The controlled removal of P; and Ti in wastewater was reported using adsorption?2°, biological
removal'®!’,  electro-coagulation*?, membrane processes!®, and chemical precipitation
methods.*®?° In particular, coagulation-flocculation has attracted attention for primary and
secondary water treatment due to its efficiency, simplicity and relatively low cost.?* Commercial
CF processes often use agents such as alum, lime, ferric chloride or ferric sulphate for removal of
suspended contaminants, where typical precipitate removal occurs by sedimentation and/or
filtration.?? Ferric chloride has widespread use as an effective coagulant, where it is known to have

a high affinity with many waterborne species such as phosphate, arsenate and nitrate. In contrast
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to alum-based coagulants, ferric chloride is an alternative coagulant for wastewater treatment that
has no reported adverse health effects for wastewater treatment.?® The disadvantages of alum-
based systems are discussed in detail in Chapter 3 and elsewhere.?%%4% By contrast, as discussed
previously in Chapter 2, biopolymer coagulant aids and flocculant systems such as chitosan, and
alginate, possess advantages over conventional synthetic polymer/inorganic salt systems. For
example, greater contaminant removal efficiency, large floc formation with high density, higher
mechanical strength, and favorable settling properties over a wide pH range that yield less sludge
without secondary metal pollution even at alkaline conditions. Biopolymers are relatively cost-
effective, biodegradable, biocompatible, and may be designed with tunable performance with less
secondary pollutant formation.2®

Chitosan is a linear polysaccharide copolymer that consists of N-acetyl-D-glucosamine with
variable deacetylation based on its preparation.?” At slightly acidic pH conditions, near or below
the pKa (6.2) of chitosan, protonation of the amine group occurs with favorable interaction with
anion species. Chitosan has been used for the removal of phosphate and arsenic species in
wastewater using different techniques or processes apart from coagulation and
flocculation. 121412829 In contrast, there are sparse reports on chitosan for the removal of
suspended and dissolved solids.**3%3! The unique properties of chitosan as a coagulant and/or
flocculant were reported in Chapter 2, and include greater contaminant removal efficiency, large
floc formation with high density, higher mechanical strength, and favorable settling properties.
The relative solubility of chitosan relates to its efficiency as a flocculant, especially at lower pH
since it is relatively water insoluble above its pKa and in most organic solvents. Modified chitosan
materials may have wider applications,?>*2-° especially amphoteric forms that contain quaternary
ammonium groups. Synthetic modification of chitosan with 3-chloro-2-hydroxypropyl
trimethylammonium chloride (CTA) and carboxymethyl groups improve water solubility over
wider pH conditions. Amphoteric materials possess favorable charge neutralization of negatively
charged species and colloidal suspensions.®>*%2° Yang et al. have shown that CTA-chitosan is
more effective in turbidity removal.*%*! By contrast, amphoteric chitosan-based flocculants have
not been reported for removal of turbidity and dissolved solids such as phosphate in wastewater at
the time of this report.

This study reports on the co-removal efficacy of dissolved orthophosphate (Pi) and turbidity

(Ti) from simulated wastewater using a biopolymer-metal salt system. The coagulant-flocculants
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studied herein contain a coagulant (ferric chloride) and biopolymer flocculants (chitosan (CHI),
carboxymethyl chitosan (CMC) and grafted 3-chloro-2-hydroxypropyl trimethylammonium
chloride CMC (CMC-CTA)). This study contributes to the field of biomaterials by using a binary
system for Ti with P; removal and a comparison with single-component systems at variable
concentration and pH. This study contributes to binary-flocculant systems with improved
efficiency and sustainability by reduction of coagulant and flocculant dosage, enhancement of the
flocculation activity, and sustainability by reducing secondary pollution, as compared with
conventional synthetic flocculant systems.

5.2 Materials and methods
5.2.1 Materials and Chemicals

All chemicals were of analytical reagent (AR) grade. Hydrated ferric chloride (FeCls-6H20),
anhydrous monobasic potassium phosphate (KH2PO4), NaOH (aq), HCI (aq), vanadate molybdate
reagent, chitosan (medium molecular weight, 85% deacetylation), monochloroacetic acid, ethyl
alcohol, isopropanol, 3-chloro-2-hydroxypropyl trimethylammonium chloride (CTA) and
spectroscopic grade potassium bromide (KBr) were purchased from Sigma-Aldrich, Oakville,
Ontario, Canada. All materials were used as received unless specified otherwise.

OH OCH,COO"
o CH,CICOO H‘ 0
0 NaOH o
NH, NH;
Chitosan (CHI) Carboxymethyl chitosan
OCH,COO"
o
NaOH / (CH5),CHOH
> Ovvv
CH,CICHCH,N*(CH3)5CI HO
NHCH,CHCH,N*(CHs)sCI"
OH |
. OH
3-chloro-2-hydroxypropyl trimethyl
ammonium chloride (CTA) CMC-CTA

Scheme 5.1: Synthetic route of carboxymethyl chitosan (CMC) and 3-chloro-2-hydroxypropyl
trimethylammonium chloride grafted onto CMC (CTA-CMC).
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5.2.2 Characterization of flocculants
5.2.2.1 Preparation of CMC and CMC-CTA

The method for the synthesis of CMC and CTA was adopted from previous report and modified
appropriately to suit the needs in this study.*®** Briefly, about 10 g of chitosan and 13.5 g of
sodium hydroxide (NaOH) were added to 100 mL isopropanol. The mixture was stirred
continuously until a uniform suspension was obtained and was allowed to be alkalized at 50 °C for
1 h afterward. Approximately 14.4 g of monochloroacetic acid was dissolved in 100 mL
isopropanol and added dropwise. The reaction was allowed to take place for 4 h at 50 °C and
quenched by adding 70% ethyl alcohol (200 mL). The solution was filtered, and the solid was
rinsed with 70-90% ethyl alcohol to desalt and dewater the sample. The sample was dried in a
vacuum at 25 °C. Thereafter, 1.0 g of the product was suspended in 80% ethyl alcohol aqueous
solution, and then 37% HCI solution (10 ml) was added and stirred for 30 min. The suspension
was filtered, and the solid was rinsed with 70-90% ethyl alcohol, followed by drying in a vacuum

at 22 °C to constant weight.

In preparing the CMC-CTA, 8.0 g of CMC was added to a round-bottom flask. About 10 g of
NaOH was dissolved in 75.0 mL of 2-propanol, and the solution was added to the CMC mixture
in the flask. The mixture was heated up to 45 °C with constant stirring for 1.0 h until it became a
viscous liquid. 3-chloro-2-hydroxypropyl trimethylammonium chloride (CTA) was added (24.0
mL) dropwise to the solution for 20 min where the temperature was fixed at 45 °C. Next, the
temperature was increased to 60 °C, and the reaction was allowed to proceed for 10 h with constant
mixing. The pH of the solution was adjusted to ca 7.0 using HCI (aqg) and then filtered. The product
was washed (3x) with 60 ml of methanol/water (85.0% w/w), then by 50.0 mL of ethanol (3x) and
filtered, followed by drying at 80 °C. The synthetic strategy for CMC and CMC-CTA is shown in
Scheme 5.1. The yields of the CMC (80.8%) and CMC-CTA (76.4%) are in good agreement with
results obtained by Yang et al. for the independent synthesis of CMC-CTA. 404

5.2.2.2 Degree of substitution of CMC

The degree of substitution (DS) was determined by a titrimetric method, as described by Ge et
al.*? In brief, CMC, (~0.2 g) was dissolved in 40 ml of water and the pH of the solution was
adjusted to pH 2 by adding HCI. The CMC solution was then titrated with 0.1 M NaOH (aqg) and
the resultant pH of the solution after the addition of base was recorded. The amount of NaOH
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required was determined by the second order differential method. The DS was estimated by
equation (5.1).

Ds__ 161-A (5.1)
Mo —58- A

A= VNaOH *CnaoH (5-2)

Here, Vnaon and cnaon are the volume, at the equivalent point, and molar concentration of the
aqueous NaOH, respectively, mcmc is the mass of CMC (g), and 161 and 58 are the relative
molecular weights (in g/mol) of glucosamine (chitosan monomer unit) and the carboxymethyl

moiety.

5.2.2.3 FTIR spectroscopy

IR spectra of the materials were obtained using a Bio-RAD FTS-40 spectrophotometer.
Powdered samples were mixed with pure spectroscopic grade KBr in a 1:10 (sample: KBr) weight
ratio followed by grinding in a small mortar and pestle. The diffuse reflectance infrared Fourier
transform (DRIFT) spectra were obtained in reflectance mode at 25 °C with a resolution of 4 cm™
over the 400-4000 cm™ spectral range. Multiple scans were recorded, and then background-

corrected relative to pure KBr.

5.2.2.4 NMR Spectroscopy

The *H NMR spectra were recorded using a wide-bore (89 mm) 11.7 T Oxford superconducting
magnet system (Bruker Bio Spin Corp; Billerica, MA, United States) equipped with a 5 mm PaTx1
probe. NMR acquisition parameters were controlled using a SSSC 500 console and workstation
running X WIN-NMR 3.5. Standard pulse programs utilized were available from the TopSpin 1.3
software. The 3C-NMR spectra were obtained using a Bruker AVANCE Il HD spectrometer
operating at 125.77 MHz (*H frequency at 500.23 MHz) with a4 mm DOTY CP-MAS probe. The
13C CP/TOSS (Cross Polarization with Total Suppression of Spinning Sidebands) spectra were
obtained with a spinning speed of 6 kHz with a *H 90° pulse of 3.5 ps, 1.0 ms contact time, and a
ramp pulse on the *H channel. Acquisition of spectra utilized multiple scans (1024 - 2048) with a
recycle delay of 2.0 s. All spectra were recorded using a 71 kHz SPINAL-64 decoupling sequence,

where chemical shifts (5) were referenced to adamantane (& = 38.48 ppm).
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5.2.2.5 Thermogravimetric analysis (TGA)

Thermogram profiles were obtained using a Q50 (TA instruments) with a heating rate of 5
°C-min? to a maximum temperature of 500 °C, where nitrogen was the carrier gas. Thermal
stability of the materials was shown using first derivative plots (DTG) of weight with temperature

(%/°C) against temperature (°C) and weight (wt%) loss against temperature.

5.2.2.6 pH at the point of zero charge (pHpz)

The determination of the pH at the point-of-zero-charge (pHpzc) of the chitosan materials was
adapted from the procedure reported by Singh et al.** After preparation of the NaCl solution
(0.01M), 25 mL portions were added to six separate 125 ml Erlenmeyer flasks, where the pH of
the solutions was adjusted between 2 and 12 with aqueous NaOH or HCI. Approximately 100 mg
of the sample was added to each solution, where it was allowed to equilibrate for 48 h where the
final pH was measured. The pHpzc was determined as the point of intersection where the final pH

and the initial pH of the solutions were plotted respectively.

5.2.3 Coagulation-flocculation process

Orthophosphate (P;), ferric chloride and kaolinite stock solutions were prepared in deionized
and distilled water. Standard solutions of CMC and CMC-CTA were prepared by dissolving in
water. A standard chitosan solution was prepared with 0.01 M HCI (aq). A calibration curve of P;
was obtained using a vanadate molybdate colorimetric method at a wavelength of 420 nm, and pH
6.5.%* The coagulation-flocculation process was carried out by an adapted procedure reported
previously in Section 3.2.2 in Chapter 3. Approximately 1 L of an aqueous solution containing P;
was added to the jar tester, and 5.0 ml of the P; solution was sampled for UV-Vis spectral analysis
by adding 1.0 ml of vanadate molybdate reagent, where a yellow-colored complex formed after 20
min before recording the optical absorbance. A pre-determined volume of kaolinite solution was
added to each jar solution to simulate colloidal particles in the Pi solution. The kaolinite dosage
was maintained at 400 mg/L throughout, and the pH of the turbid P; solutions was adjusted by
using 0.1 M NaOH or HCI aqueous solutions, according to the conditions. A pre-determined
amount of the coagulant (FeClz) was added to the solution, followed by rapid stirring for 3 min at
295 rpm. Thereafter, the stirring rate was reduced to 25 rpm for 20 min. During this period, the
flocculant (chitosan, CMC or CMC-CTA) was added within the first 5 min. The stirring was
stopped, and the solutions were allowed to settle for a given time before analysis. After the settling
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time, a 10.0 ml solution aliquot was sampled from the top layer, and the transmittance (%T) was
measured (A= 800 nm). In addition, a 15 ml solution aliquot was sampled and centrifuged for 60
min, and then prepared for UV-Vis analysis to estimate P; levels. The solution pH was measured
after the appropriate settling period. The turbidity removal (%) and Pi removal (%) were calculated
by equations (5.3) and (5.4), respectively.** Measurements were performed in triplicate and
reported as the average value along with the standard deviation.

T.-T,

%Turbremoval = 100 T

-100% (5.3)

%P S =5

iremoval —

-100% (5.4)

0

To and T, are the transmittance (%T) of the turbid water before and after the CF process. The

concentration values C, and C, refer to the P; level before and after the CF process.

5.3 Results and Discussion
5.3.1 Characterization of flocculant materials
5.3.1.1 Degree of substitution

The degree of substitution (DS) of chitosan relates to the average number of substituted
hydroxyl and amine groups per glucosamine unit. The DS value for CMC was determined using
potentiometric titration because its operation is facile and reliable. Techniques such as *H-NMR
and IR spectroscopy have been used for this same purpose; however, such methods require
specialized sample preparation and excellent spectral resolution to achieve reliable results.*>*® The
DS value for CMC was estimated at 85.4% (Figure 5.1(a)), where the value of DS is comparable
with other estimates**#°, notwithstanding the different sources of chitosan. In determining the
value of DS by equation (5.1), the mass of CMC was 0.2 g, where the molarity and volume of

NaOH at the equivalent point were 0.1028 M and 32.5 ml, respectively.

5.3.1.2 FTIR spectroscopy

The IR spectra of chloroacetic acid, chitosan, CMC, and CMC-CTA are shown in Figure 5.1(b).
The IR spectrum of chitosan has characteristic stretching bands at 3435 cm™ for O-H, 2867 cm'*
for C-H, 1142 cm* for C-O-C, and 1109 cm™* for C-O, and 1591 cm™ for N-H bending. Similarly,
the IR spectrum of CMC has O-H and C-H broad spectral bands between 2859 cm™ and 3421
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cm, C-OH stretching at 1117 cm™ and 1151, -COOH stretching at 1725 cm™, 1624 for an NR4*
group (R = H or alkyl substituent). The IR bands are characteristic of CMC, where the -COOH

band at 1725 cm™ supports the presence of a CM group grafted onto the chitosan backbone. The
CMC-CTA spectrum has distinctive bands at 1599 cm™ for -COO- group and 1471 cm™ for -CH3

of the quaternary ammonium group on the CTA structure, providing further support that CM and

CTA groups are present in chitosan.
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Figure 5.1: (a) Titration curve for estimation of the DS for CMC, where Vnaon denotes the titrant
volume of NaOH at the equivalent point (b) FT-IR spectra of chloroacetic acid (CIAc), Chitosan
(CHI), CMC and CMC-CTA. The insert is an IR spectrum of CMC-CTA. (c) *H-NMR spectra of
chitosan (i), carboxymethyl chitosan, CMC (ii), and CMC-CTA (iii). (d) **C-NMR of chitosan (i),
carboxymethyl chitosan, CMC (ii), and CMC-CTA (iii).
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5.3.1.3 NMR spectroscopy

Figure 5.1(c & d) illustrates the *H/**C-NMR spectra of CHI, CMC, and CMC-CTA. In Figure
5.1(c), chitosan showed characteristic peaks at 3.31 ppm (H2), 3.85 —4.05 ppm (H2-H6), and 5.02
ppm (H1). The H signatures at 3.40 and 3.94 ppm for CMC relate to methyl and CM groups,
while the signature at 4.77 ppm is assigned as the H2’ adjacent to the NR4™ group in Figure
5.1(c)iii. The signature at 2.94 ppm can be assigned to the NR4* group. In the **C-NMR, signatures
of chitosan at 173.4 ppm and 23.8 ppm were assigned to the carbonyl and methyl group of COCH3
at C2. Signatures at 104.5, 57.0, 73.8, 82.4, 75.5, and 60.7 ppm were assigned to 3C nuclei (C1-
C6) of chitosan. In the spectrum of CMC, the spectral line at 177.2 ppm was assigned to -COOH.
In addition, the signals at 48.2 ppm and 74.1 ppm in Figure. 1(d)iii relate to N-CH; and —O-CHa,
respectively. These features are indicative of carboxymethyl substitution at the hydroxyl and the
amine groups of chitosan. The intense peak at 57.5 ppm in Figure 5.1(d)iii is due to the *3C nuclei
of the NR4" group, and the signal at 74.1 ppm is attributed to the -CHz- of CM. Similar features
are noted in for the *H/**C NMR spectra for NMR for CHI, CMC, and CMC-CTA, in agreement

with other reports, 364041

5.3.1.4 Thermogravimetric analysis (TGA)

TGA is a suitable method for studying the thermal stability and composition of structurally
related materials, as shown for cross-linked polymers.*® TGA provides a weight loss profile due
to thermal decomposition, oxidation, or volatilization of materials, along with estimates of polymer
composition when the thermal events can be resolved.*® The TGA results herein are shown as the
first derivative of mass with temperature (Figure 5.2a) and weight loss (Figure 5.2b) versus
temperature, to characterize the trends for chitosan, CMC and CMC-CTA. In Figure 5.2a-b, two
thermal events with weight loss profiles across the temperature range for CMC-CTA and CHI are
shown, where the event below 100 °C relates to desorption of water and/or vapors, in accordance
with their solvent affinity.*® The thermal event between 200 °C and 500 °C relates to the
volatilization of light hydrocarbon fragments and decomposition. In Figure 5.2(a & b), the thermal
decomposition of CMC occurred at three stages: i) weight loss at ca. 35 °C to 240 °C due to the
decomposition of the cyclic products containing cyclic olefin copolymer, ii) ca. 300 °C due to
decarboxylation of the CMC, and iii) decomposition of -NH2 groups in the form of NH3 loss at
ca. 305 °C to 500 °C. According to the TGA results in Figure 5.2(a & b), the onset of degradation

occurs at ~296 °C, 202 °C, and 266 °C for CMC, CMC-CTA, and chitosan, respectively, in
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agreement with TGA results reported elsewhere.*” Abreu and Campana-Filho report that the
thermal stability of CMC was lower than native chitosan.®® Thermal decomposition of chitosan®?,
and CMC*' reveal that the presence of amine groups may lower the thermal stability, in agreement
with Figure 5.2(a & b). This effect concurs with the reduced bond strength of heteroatom-C bonds
versus C-C or C-H bonds and the role of chloride as an oxidizing agent during the thermal
decomposition profile. The event for chitosan at 310 °C relates to the breakdown of the
glucosamine unit, while the events at 270 °C and 410 °C relate to the decomposition of -COOH

group and the glucopyranose unit of CMC.
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Figure 5.2: TGA profile of chitosan, carboxymethyl chitosan (CMC) and CMC-CTA: (a) First
derivative of weight loss with temperature against temperature, and (b) weight loss with
temperature. (c) PZC of CMC-CTA. The insert illustrates the PZC determination for CMC.

5.3.1.5 pH at the point-of-zero-charge (pHpz)
The pHpzc parameter indicates the pH where the net charge of a material is zero (pHpzc = 0), and
it provides insight on electrostatic interactions of a material surface with charged species. In the

135



case where pH lies below the pHpz (pH < pHpzc), adsorption of OH™ ions and other anionic species
occur because the C-potential of the sorbent is positive overall due to protonation at the surface,
resulting in positively charged surface, as shown in Scheme 5.2. By contrast, the C-potential is
negative when the solution pH > pHpz, Where adsorption of cation species occurs due to
deprotonation of the sorbent surface leading to negatively charged surface, as depicted in Scheme
5.2. The estimated value of pHpc (in parentheses) is listed for CMC-CTA (6.40) and CMC (3.30).
Figure 5.2(c) reveals that CMC-CTA may be more suitable for the flocculation of anionic
contaminants such as P;j species in wastewater, especially when pH < pHpc. In the case of CMC-
CTA, the surface of the flocculant will have a positive charge when pH < 6.40. This condition
favors the removal of anionic species since repulsive Coulombic effects are minimized at lower
pH. In contrast, CMC has reduced flocculation at acidic pH due to greater electrostatic repulsions

even though the carboxylic acid moiety is not ionized.
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Scheme 5.2: Effect of pH on the PZC and surface charge of CMC-CTA flocculant.

5.3.2 Coagulation-flocculation

This study was aimed at a comparison of chitosan-based flocculants, with and without Fe(l11)
coagulant, for the co-removal of turbidity (colloidal kaolinite) and P; species in wastewater.
Estimates of the C-potential by Yang et al. reveal that kaolinite is negatively charged at alkaline
and acidic pH.*® Herein, the turbidity and Pi levels were addressed using ferric chloride and

chitosan-based flocculant combinations in a binary and single-component systems. It will be
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shown that the removal of T; and P; depends on several factors (flocculation dosage, initial pH,

and settling time) in the following sections.
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Figure 5.3: Effect of flocculant dosage with and without FeCls coagulant for the removal of (a)
turbidity and (b) phosphate. The initial concentration of kaolinite is 400 mg/L and Pjis 20 mg/L.

5.3.2.1 Effect of flocculant dosage
5.3.2.1.1 Turbidity removal

Figure 5.3(a) reports on the turbidity removal when the flocculants were used with and without
FeCls at constant pH. The solution pH was not altered and the results (Figure 5.3(a)) reveal T;
removal when the flocculants were used with and without FeCls. In the absence of ferric chloride,
CMC-CTA had the highest removal (70.5%) with an optimum dosage of 5.0 mg/L. By comparison,
chitosan (7.0 mg/L) and CMC (8.0 mg/L) had lower removal efficiency at 59.9% and 29.8%,
respectively. The lower removal by CMC was expected since colloidal kaolinite and CMC possess
a negative surface charge based on the pHpz results, contributing to electrostatic repulsion and
restabilization of unbound colloidal kaolinite. The removal efficiency of the CMC (29.8%) relates
to its polymer structure and flocculation properties via a bridging and ion-binding adsorption
mechanism.*® The ambient pH of the initial solution without pH adjustment ranged from 6.2 to
6.6, where protonation of CTA and CHI aided the removal of colloidal kaolinite through charge

neutralization. In Figure 5.3(a), turbidity removal increased as the flocculant dosage increased up
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to an optimal removal efficiency, where a decreased effect occurs at a higher dosage of each
biopolymer. This trend follows an electrostatic charge neutralization mechanism since more cation
species are present in the turbid water that undergo charge neutralization with negative colloidal
particles as the flocculant dosage increases beyond the optimum value. Beyond the optimum
flocculant dosage, precipitation of kaolinite occurs. However, the addition of excess cationic
flocculant leads to restabilization due to charge reversal effects, where an excess positive charge
on the aggregates and the flocs undergo repulsive interactions that lower turbidity removal.
Figure 5.3(a) illustrates the synergistic flocculation efficiency of CHI, CMC, and CMC-CTA,
in combination with Fe(lll), respectively. The results for CMC-CTA with FeCls (Figure 5.3(a))
reveal the greatest turbidity removal, followed by CHI-FeCls and CMC-FeCls in descending order.
As the flocculant dosage increases, the trend in Ti removal for the biopolymers increases up to an
optimal value and decreases incrementally thereafter. The efficiency and optimal dosage of the
flocculant in combination with FeCls are given in parentheses: CMC-CTA (95.8%; 5 mg/L), CHI
(88.8%; 7.0 mg/L) and CMC (68.8%; 9.0 mg/L). The presence of the Fe(lll) species affect the
removal efficiency of the process, where decreased turbidity removal (%) beyond the optimal
dosage was attributed to the stabilization effects described above. Dey et al.* reported that
flocculant dosage beyond the optimal level, where the density of the polymer flocculant increases
in the colloidal suspension as repulsion occurs between the polymer branches. This leads to greater
repulsive versus attractive interactions, where the suspended particles cannot interact favorably
with groups on the flocculant, resulting in decreased Ti removal, referred to as de-flocculation.*®
In addition, the removal efficiency of CMC-CTA was higher relative to CHI, even though
protonation effects at pH 6.2 to 6.6 influence both flocculants. The presence of CTA and the
carboxymethyl (CM) species on the chitosan backbone results in a size increase of the CMC-CTA
flocculant and its hydrodynamic volume (Vhyd), in accordance with its intrinsic viscosity. The
greater Vhyq of the biopolymer relates to its greater flocculation efficiency, in accordance with the
flocculation model by Brostow et al.>® When the polymer flocculant is added to a colloidal
suspension, interaction with the colloidal particles occur and floc formation takes place by weak
interaction with the polymer. The interaction between the polymer-colloidal particles will increase
because of the greater Vhyq for CMC-CTA that leads to the rapid settling of the flocs. In addition,
CMC bears a negative surface charge, where its Ti removal relates to an increase in the Vhyq of

CMC due to the CM group and the presence of the Fe(l11) species. This effect refers to an entropy-
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driven process due to co-sphere overlap of hydration shells of the coagulant-flocculant-

contaminant system, where desolvation provides the driving force for stabilization.

5.3.2.1.2 Phosphate removal

The presence of suspended solids influences the total P; concentration due to surface
interactions. In order to obtain low P; residuals, the use of high coagulant dosage is often required
since the P; content associated with suspended solids is lowered. A large fraction of the precipitates
formed using metal hydroxides occurs at a pH greater than 6.0. Hence, a combination of the
inorganic coagulant and polymer flocculant requires a lower dosage of metal coagulant that
reduces the amount of metal hydroxide formed. Figure 5.3(b) shows the effect of the flocculant
dosage (with or without FeCls coagulant) on the removal of P;. In Figure 5.3(b), the presence of
Fe3* metal coagulant markedly improved the efficacy of the polymer flocculant for the removal of
Pi, partly due to surface complexation mechanism. By contrast, the absence of FeCls lowers the
biopolymer removal efficiency according to the optimum flocculant dosage; CMC-CTA (75.8%,
15 mg/L), CMC (33.6%, 10 mg/L) and CHI (66.6%, 15 mg/L). The use of FeCls in combination
with the polymer flocculant led to a greater removal efficiency: 67.4% (5 mg/L CMC), 90.6% (10
mg/L CHI), and 93.4% (10 mg/L CMC-CTA). The presence of the metal coagulant led to a
decrease in the optimum dosage of the polymer to achieve high Pi removal efficiency. The
flocculants follow a similar trend where an increase in the removal level observed with greater
biopolymer dosage until it reaches an optimum level. Thereafter, a decreased efficiency occurs
that remains constant after further addition of the flocculant.

The decreasing trend in the removal efficiency (%) of P; beyond the optimal dosage is shown
in Figure 5.3(b). The effect was attributed to the stabilization of the P; solution, in agreement with
a parallel study.>* As the FeCls; dosage increases, the pH shifts to an unfavorable range for P;
removal, leading to a decreased efficiency. The role of FeClsand Pi in wastewater likely involves
complex formation via surface complexation model and charge stabilization with an unclear
flocculation mechanism proposed thus far in the literature. FePOa(s) is an insoluble product formed
when FeCls combines with Pi, equation (5.5), in agreement with a report by Jenkins et al.> Iron
phosphate undergoes precipitation due to complex formation between Fe(lll) and hydroxide

species that is thermodynamically and kinetically favored.

Fe,(PO,), - (H,0)14 ) + 2 PO,” oy =3 FePO, 1+PO*>

4 (aq)

+14 H,0,, (5.5)
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Herein, the average dosage of coagulant (FeCls) at optimum condition was 12.5 mg/L with an
initial Pi dose (25 mg/L). This level of FeCls dosage is lower than other reported values.
Mohammed and Shanshool? report an optimal dosage of FeCls at 80 mg/L, Ebeling et al.>® report
90 mg/L, and Banu et al.>* report 80 mg/L, where further addition of the flocculant results in
decreased P;i removal efficiency. As the dosage of the flocculant increased beyond the optimum
dosage, precipitation of dissolved P; occurred. The addition of excess flocculant led to re-
stabilization of positively charged colloidal species with a corresponding reduction in Pi removal.
An increase in the flocculant dosage beyond the optimal value leads to an increase in the amount
of cationic charge species in the solution. A minimum level of cation species is required to
neutralize the P; anion species. The charge neutralization process may relate to the agglomeration
of the Pi containing particulates by a bridging mechanism with eventual settling of the floc.
However, a reverse effect occurs when excess cations are present. The excess positive charge
stabilizes the neutral aggregates containing P; while the macroflocs undergo repulsive interactions,
resulting in a progressive decrease in the Pi removal efficiency. Similar results were reported
elsewhere.>>5°

Guibal et al. reported on the effectiveness of chitosan-based flocculants for the removal of
suspended and dissolved substances in a homogeneous solution.>” This relates to the greater
accessibility of the amine groups for dissolved flocculant since it improves the solvent accessibility
and Kinetics of the process due to improved ionization and biopolymer hydration.>” Homogeneous
dissolution of species displays rapid kinetics of mixing (mass transfer) over solid flocculant forms.
It is known that P; and other structurally related oxyanions such as arsenate have favorable affinity
to form complexes with chitosan and its modified forms.4152428.29.58 The effect relates to the role
of charge neutralization as a key step in coagulation and/or flocculation processes, followed by
polymer bridging, in agreement with results obtained herein.

The influence of CMC dose on the removal of P;, with and without FeCls coagulant, is shown
in Figure 5.3(b). The use of CMC alone showed poor Pi removal efficiency. CMC and P; are
anionic species at these conditions, where electrostatic repulsion and stabilization occurs with
unbound P; in solution. However, the polymer nature of CMC favors the removal of Pi by a
bridging and ion-binding mechanism, especially in combination with a coagulant, as shown by the

greater removal of Pi when CMC is used along with FeCls.
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Scheme 5.3: Interaction between phosphate and CMC-CTA flocculant.

5.3.2.2 Effect of pH
5.3.2.2.1 Turbidity

Figure 5.4(a-c) illustrates the flocculation efficiency of CMC-CTA CHI and CMC for the
removal of colloidal particles at variable pH and flocculant dosage. Chitosan-based flocculants
were used in combination with FeCls at a fixed dosage (12.5 mg/L), where the initial pH of the
solutions was adjusted using 0.01M HCI or NaOH solutions. The results show that greater turbidity
removal efficiency at pH values below 7, where optimum removal occurs at pH 6.0 for CMC and
pH 4.0 for CHI and CMC-CTA, in accordance with the results obtained by Yang et al.*%** for
amphoteric flocculants. At pH 4.0, the optimal Ti removal efficiency occurs for CHI (98.3%) and
CMC-CTA (99.2%), while a maximum removal efficiency for CMC (70.3%) occurs at pH 6.
Turbidity removal has a strong dependence on the relative dose of the flocculant due to its cationic
nature. Above pH 6.0, the coagulant and flocculant properties of FeCls decrease, in agreement with
the critical role of charge neutralization in the Ti removal over the sweep mechanism.

Coagulation of the kaolinite colloidal species by charge neutralization may take place by
adsorption of the Fe(l11) species and its hydrolysis by-products, HFO, Fe(OH).* and Fe(OH)?*.
The desorption of neutral precipitates such as Fe(OH)s onto the negatively charged kaolinite
surface contributes to lower repulsive interactions for the kaolinite suspension. At pH >7, the
sweep coagulation mechanism is considered as a driving force to reduce the Gibbs energy of the
system as there are no other cationic Fe-hydroxyl species present. As well, the surface charge of

the Fe(OH)s lies very close to the isoelectric point or at even more negative values for these pH
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conditions. In addition, the dissolution of Fe(OH)s precipitates results in the formation of
complexes such as [Fe(OH)4]" that contribute to increased colloidal stability of kaolinite. At this
alkaline pH, CMC-CTA, CMC, and CHI undergo deprotonation and become negatively charged,
leading to electrostatic repulsion with decreased T; removal.® In Figure 5.4, the flocculation effect
of CTA is notably greater than CHI at high pH (pH > 7) even though both undergo deprotonation
at this condition. At pH 10, the maximum T; removal efficiency of CMC-CTA and CHI is 72.7%
and 34.3%, respectively. The offset in values relates to an increase in the polymer size and Vhyd
since CTA is grafted onto the CMC backbone to form CMC-CTA. Previous studies have shown

that the structure and charge state (cation, anion, or amphoteric) of a polymer flocculant in solution
strongly influences its flocculation efficiency.®°
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Figure 5.4: Turbidity removal efficiency at different pH values: (a) CMC-CTA (b) CHI and (c)
CMC. The initial concentration of kaolinite was 400 mg/L.
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5.3.2.2.2 Phosphate removal

Figure 5.5 depicts the effect of pH on the removal efficiency of P; at variable biopolymer dosage
and a fixed level of FeCls. As seen in Figure 5.5, improved P; removal occurs at pH 4, where
minimum removal occurs at pH 10. Optimal removal of P; by Fe®* occurs at an optimum pH of
4.0-5.5% since Fe(l11) in phosphate solution results in FePO4 formation at pH < 6.5. At pH > 6.5,
iron converts to oxides and hydroxides. While FePO4 has low solubility at the optimum pH
obtained in this study, the P; removal reaches a constant value ca. 30 min for all pH values (Figure
5.5a-c). The solubility of FePO4 increases at greater pH®®; whereas, Pi removal rose slightly above
these high pH levels. Fe(OH)s and Fe(OH)4 are present over this pH range since [Fe(OH)s]
complexes have greater water solubility. It can be concluded that P; removal occurs via complex
formation of FePO. and Fe(OH)s; however, FePO4 formation is favored at lower pH.12 At pH 10,
Fe(OH)4 is a major dissolved iron species, in agreement with the decreased removal observed.

At pH < pHpzc, CMC-CTA and CHI are cationic species while CMC is anionic in nature, where
precipitates of FePOsare formed in the presence of P; solution and Fe(l11). The polymer flocculants
form cross-linked aggregates that enhance P; removal via precipitation of FePOs, along with
related adsorption effects, as shown in Scheme 5.3. The influence of pH on the Pi removal follows
a similar trend that is independent of the initial P; dosage, where the efficiency increased from pH
2 to an optimum value near pH 4. Thereafter, the efficiency decreased as the alkalinity increased
to pH 10. As FeCls is added to the Pi-containing-water, where a fractional amount of FeCls
precipitates as the hydroxide form and HsO" was released according to equation (5.6). The Fe3*
ions are soluble below pH 5.5 and do not precipitate during the dissolution process. In addition,
iron phosphate (FePQ.) species are formed which are soluble at pH 6 to 7.2 Above pH 7, the
addition of FeCl; forms a soluble complex ([Fe(OH)4]), lowering the efficiency of the

coagulation-flocculation process.®

Fe* .y +3 H,0 —>Fe(OH), , L +3H" (5.6)

Pi removal has a strong dependence on the dosage of flocculant (CHI and CMC-CTA) due to
its cationic nature. The amine groups of the chitosan-based flocculants are deprotonated at higher
pH values, especially at conditions above pH 6.5 since the pKa value of chitosan is ca. 6.2, as
shown in Scheme 5.3. Chitosan does not associate favorably with phosphate via attractive ion-ion

interactions at these conditions, however, through polymer bridging by forming several hydrogen
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bonds between the hydroxyl groups of the phosphate and the flocculant. By contrast, attractive
ion-ion interactions occur below pH 6.5 due to the association of chitosan/phosphate via

Coulombic attraction, as illustrated in Scheme 5.3. Excess chitosan (cation form) in solution may
result in colloidal stabilization at lower pH.
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Figure 5.5: Effect of pH on the removal of P; at variable flocculant dosage; (a) CMC-CTA (b)
CHI and (c) CMC, where the initial concentration of P; is 25 mg/L.

5.3.2.3 Effect of settling time

Coagulation uses rapid mixing that disperses coagulant in a wastewater solution to form
microflocs, while flocculation involves slow mixing and addition of polymer flocculant to
wastewater, aggregation of the microflocs form macroflocs which can be settled and filtered.54%°
During the CF process, adequate time is needed to form flocs that are large enough to allow
efficient removal by sedimentation in accordance with Stoke’s law.® Figure 5.6 reveals the effect
of settling time on the T; and P; removal efficiency using CMC, CHI and CMC-CTA at their

optimal dosage values. The process was carried out using a variable time sequence: (i) fast mixing
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at 295 rpm for 3 min after addition of the coagulant to the wastewater; (ii) slow mixing at 20 rpm
for 25 min after addition of the polymer flocculant; and (iii) sedimentation at different times (1 to
60 min) to allow floc settling. After the desired settling time, an aliquot of the supernatant was
sampled and prepared for Ti and Pi measurement by UV-Vis absorbance (A = 800 nm). Figure 5.6
shows the effect of settling time on Ti and Pi removal, where the supernatant turbidity using the
various flocculants show a decrease as settling time increases. In Figure 5.6, the flocs quickly settle
out within the first 30 min with little or no change in the flocculation efficiency after the first 30
min and reveal that the flocculant properties do not improve for a settling time > 30 min. CTA and
CHI show favorable removal due to the cationic amine group.
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Figure 5.6: Flocculation kinetic profiles for turbidity and Pi removal at a variable time interval,
where ¢, for Pi is 25.0 mg/L and Ti is 400 mg/L. Turbidity removal (a, b) and P; removal (c, d)
according to the PFO and PSO kinetic models, respectively.
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The flocculation process is divided into three regions, according to Figure 5.6. In the first
region, a rapid increase in flocculation occurs up to 15 min, where it increases steadily up to 30
min, where a dynamic equilibrium is reached beyond 30 min. The process in the first region occurs
because of electrostatic interaction between the P; or kaolinite particles with the Fe(l1l) species,
leading to a charge neutralization process. Pi is negatively charged and becomes neutralized upon
interaction with a Fe(lll) cation. Fe(lll) species may act as a cross-linker with the polymer via
complex formation with functional groups of the polymer to form a gel phase leading to further
adsorption of Tiand/or Pi.%"®8 In the second region, a gradual increase in the flocculation efficacy
occurs because of a reduced effective cation charge on the floc surface. The third region illustrates
that the dynamic equilibrium for the floc formation is 30 min. Similar effects for the removal of P;
using alginate-based flocculants were reported in Chapter 4.

The kinetics of the flocculation process was studied at the optimum conditions. The adsorption
kinetics of P; and T; with the FeCls/flocculant system was investigated by the PFO and PSO
models. The PSO model assumes that the sorption rate decreases linearly as the adsorption rate
increases.®® The PSO model assumes that the rate-limiting step involves interaction between the
adsorbent (flocculant) and adsorbate (Pi or turbidity) that is often used to describe chemisorption.”
The PFO and PSO models are described by equation (5.7) and (5.8), respectively.

g =0.1—e™) (5.7)
_ kZQe2t
%= (58)

Here, ge and q: are the levels of P; or kaolinite particles adsorbed (mg/g) at dynamic equilibrium
and at time t. ki and kz are the respective rate constants, where the parameters (ki, k2, and ge) were
estimated using non-linear regression fitting by equations (5.7) and (5.8). The “best fit” criterion
between the experimental data and the kinetic models was determined by the minimization of the

absolute sum of squares of errors (SSE) by equation (5.9).

_q )2
SSE=)" % (5.9)
Here, e, i is the experimental value and qc, is the calculated or predicted value, according to the

kinetic model, and N is the number of experimental data points.
146



Table 5.1: Pseudo-First-Order (PFO) and Pseudo-Second-Order (PSO) kinetic parameters for
Turbidity and P; removal at optimized flocculation conditions. ¢, (Turb) = 400.0 mg/L and ¢, (Pi)
=25.0 mg/L

Parameter CMC CHI CMC-CTA
PFO Kinetic model (turbidity removal)
qt (mg-g?) 56+ 1 92+2 94+1
k- 103 (min™) 3697 7679110 997 £ 13
R? 0.920 0.909 0.927
PSO kinetic model (turbidity removal)
gt (mg-g?) 60+ 1 97+1 9+1
k- 103 (g'rmg'min") 11+1 14+1 18+2
R? 0.978 0.980 0.985
PFO kinetic model (Pi removal)
qt (mg-g?) 56 + 1 104.6 + 2 110+ 1
k- 103 (min™!) 90.3+6.1 8314 103+ 4
R? 0.974 0.987 0.990
PSO kinetic model (Pi removal)
gt (mg-g?) 703 1322 134 +6
k- 103 (g'mg 'min!) 1+0.2 0.6+0.1 0.8+0.1
R? 0.951 0.967 0.969

The results of the flocculation of P; and turbidity by the FeCls/flocculant system are shown in
Figure 5.6(a—d), where the lines represent the best-fit results for PFO and PSO models. Figure 5.6
(a, b) describe the flocculation kinetics for Ti removal, where Figure 5.6(c, d) represents the
flocculation kinetics for Pi removal. In Figure 5.6, the Ti and P; removal are well-described by
each kinetic model, according to the values of the parameters listed in Table 5.1. In terms of the
kinetics of the Ti removal, the results are in good agreement with the PSO model according to the
best fit results in Table 5.1. However, in the case of the flocculation kinetics of P;, the PFO model
shows greater agreement over the PSO model (cf. Table 5.1). In addition, the predicted values of
ge determined by the PSO model agree well with experimental values, as compared with the PFO
kinetic model for turbidity removal. However, the opposite was observed for P; removal, where
the best-fit values of ge obtained from the PFO model agree more with the experimental values
over the PSO model. The rate constant of the PFO (k1) model is significantly greater than the PSO
(k2) model for the turbidity removal process, and the opposite is true for the Pi removal process.
The PFO adsorption mechanism describes the flocculation of Pi by FeCls/flocculant system,
according to the PFO model. This indicates that the P; species are adsorbed by the flocculant
system, where the rate decreases linearly as the adsorption rate increases. Similar results were
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reported for the flocculation of anionic dyes and arsenates with polysaccharide-based
flocculants.”*="® The kinetic study herein showed that the PSO model described the flocculation
process for turbidity removal. The analysis of kinetic parameters indicates the rate-limiting-step
for the flocculation involves interaction between the flocculant and the anionic colloidal kaolinite,
in accordance with a chemisorption-like process. The results herein show that there is favorable
interaction between the outer surface sites of the flocculant system and P; and/or kaolinite anion

species due to the rapid equilibrium process at 30 min (Figure 5.6).

5.4 Conclusions

An amphoteric flocculant (CMC-CTA) was prepared from chitosan by grafting 3-chloro-2-
hydroxypropyl trimethylammonium chloride (CTA) onto carboxymethyl chitosan (CMC). The
structure of CMC-CTA was supported by various characterization methods. The dual removal of
turbidity (T;) and orthophosphate (Pi) by flocculation was studied using CMC-CTA, CHI, and
CMC, with and without FeCls coagulant. The removal efficiency of P; and Ti using the flocculant
with FeCls in a binary system was much greater than in the absence of Fe(lll) in a single-
component system. CMC-CTA showed greater flocculation over CHI and CMC at all pH
conditions, especially at the optimal pH 4, where the Ti (99.2%) and P; (97.8%) removal was
favored. Flocculation processes are governed by charge neutralization, followed by polymer
bridging and adsorption mechanisms. The flocculation kinetics for Pi and T; removal are well-
described by the pseudo-first-order (PFO) and pseudo-second-order (PSO) models. The rate-
limiting-step for Ti removal involves interactions between the flocculant and the kaolinite species,
in agreement with a chemisorption-like process, while Pi removal is considered as a physisorption-
like process. The CMC-CTA flocculant/Fe(l11) system affords the use of acidic (pH 4) conditions
for effective removal of T; and Pj, where this study is anticipated to catalyzed future research and

expand the scope of wastewater treatment using non-conventional conditions.
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CHAPTER 6
6  Optimization of orthophosphate and turbidity removal using an

amphoteric chitosan-based flocculant-ferric chloride coagulant system?*

Description

This chapter is focused on the optimization of the amphoteric flocculant, CMC-CTA (which
was prepared in Chapter 5) with FeCls coagulant in a binary system for the dual removal of
turbidity (Ti) and phosphate (Pi) using the Box-Behnken RSM. Optimal conditions for pH,
flocculant dosage, coagulant dosage and settling time were obtained for the removal of Pi and T;,
which showed significant improvement over the use of native polymer materials combined with
FeClz in a binary system. Greater removal of P; and Ti were observed for both predicted and
experimental data at the optimal conditions. The Fe(ll11)-CMC-CTA flocculant system showed

optimum adsorption properties towards Pj and T; with increased adsorption capacity.
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processing and analysis, and wrote the first draft of the manuscript as well as making further
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corresponding author. Permission was obtained from all contributing authors before the inclusion

of the manuscript in this thesis.

Relation of Manuscript 4 to Overall Objective of this Project

This chapter is a continuation of Chapter 5, where an amphoteric chitosan-based flocculant
material was prepared and characterized using physicochemical methods related to flocculation
properties. This study discusses the optimization of the factors affecting the CF process using Box-

Behnken response surface methodology to obtain an optimal condition for efficient P; and T;

4 Reproduced with permission from Agbovi, H. K.; Wilson, L. D. Environ. Chem. 2019, 16 (8), 599-612. Copyright
2019 CSIRO.



removal. The study reported herein relates to the second theme (synthesis, characterization and
flocculation properties of high molecular chitosan-based amphoteric flocculant for Pi and T;
removal in a single-component and binary systems) of the thesis research. The second, fourth, fifth
and sixth hypotheses discussed in the Chapter 1 have been addressed in this chapter. An optimal
condition was generated using the BBD-RSM for the removal of P; and Ti, in which the

experimental and predicted removal efficiencies were comparable.

6.1 Introduction

Phosphorus is an essential plant nutrient for growth and development, where it exists in aquatic
systems as inorganic (ortho- and poly-phosphates) and organic forms (e.g., detergents). Phosphate
present in water and wastewater originates from human, domestic and industrial waste, as well as
fertilizer effluent run-off from agricultural activities.! Despite the importance of phosphate as an
essential micronutrient in water, elevated levels lead to eutrophication and excessive algae
growth.? Excess phosphate disturbs the balance of organisms present in water by affecting water
quality through the depletion of oxygen as algae decay. In general, phosphate effluent is regulated
to levels below 0.5 mg/L3, where discharge limits (mg/L) are controlled, as follows: USA (0.5 —
1.0), India (5.0), France (1.0 — 2.0) , Tunisia (10.0), Canada (0.1), Ghana (2.0), and Japan (16.0)
mg/L.>® The removal of orthophosphate (P;) in wastewater has been tested by different methods:
adsorption®2, biological removal*®4, electro-coagulation®®, membrane processes®® and chemical
precipitation.t”*® Coagulation-flocculation (CF) has been used widely for wastewater and water
treatment in both the past and present due to its facile operation and efficiency. CF has been applied
directly or indirectly to control particulates, microorganisms, natural organic matter (NOM),
synthetic organic carbon, precursors of disinfection by-products (DBPs), metals, and some
inorganic ions to control drinking water quality.'® The efficiency of CF is influenced by several
factors such as temperature, mixing speed and time, flocculant/coagulant dosage, pH, retention
time and initial contaminant concentration of the water or wastewater.?’ The CF process attains
maximum efficiency when these factors are optimized.

Optimizing the key parameters in the CF process through the classical method, known as one-
variable-at-a-time, involves fixing all other variables constant while varying one variable
sequentially to obtain the optimal conditions. This is a time-consuming, expensive, and

complicated process for a multi-variable system that often fails to resolve the multi-variable inter-
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relationships. To overcome these challenges, statistical experimental design techniques using the
response surface methodology (RSM) has been designed for the optimization of a multi-variable
experiment. RSM is a collection of statistical and mathematical methods that are useful for
designing experiments, building models, evaluating the effects of several factors in order to
achieve optimum conditions for desirable responses with a limited number of experiments.?* The
RSM has been widely used in various fields such as optimizing fermentation conditions?>?3, and
optimizing self-nanoemulsified capsule dosage form (SNCDF) of a highly lipophilic model
compound, Coenzyme Q10.2* In the field of water treatment, applying RSM to optimize the CF
process for the treatment of wastewater was reported in many studies.*®2%25-28 However, regarding
the use of RSM for designing an experimental protocol to obtain optimal conditions for the
simultaneous CF of phosphate and turbidity using chitosan-based amphoteric flocculant, no study
has been reported yet.

Chitosan is a linear polysaccharide copolymer that consists of N-acetyl-D-glucosamine with
variable deacetylation based on its preparation.?® The relative solubility of chitosan relates to its
efficiency as a flocculant, especially at lower pH since it is relatively water insoluble above its pKa
and in most organic solvents. Modified chitosan materials may have wider application®-3*,
especially amphoteric forms that contain quaternary ammonium groups. Synthetic modification of
chitosan with 3-chloro-2-hydroxypropyl trimethylammonium chloride (CTA) and carboxymethyl
groups to improve water solubility over wider pH conditions. Amphoteric materials possess
favorable charge neutralization of negatively charged species and colloidal suspensions.®>3 As
reported in Chapter 5 and elsewhere 4%4!, CTA-chitosan has been shown to be more effective in
turbidity removal compared to native chitosan. By contrast, amphoteric chitosan-based flocculants
have not been reported for turbidity removal and dissolved solids such as phosphate in wastewater
at the time of this report.

This study aims to optimize the CF potential of grafted 3-chloro-2-hydroxypropyl
trimethylammonium chloride CMC (CMC-CTA) in conjunction with ferric chloride for the
simultaneous removal of P; and T along with the Box-Behnken Design (BBD) and the response
surface methodology (RSM). The coagulant-flocculant system studied herein utilizes a coagulant
(ferric chloride) and a biopolymer flocculant (CMC-CTA). This study contributes to binary-
flocculant systems with improved efficiency and sustainability by reduction of coagulant and

flocculant dosage, enhancement of the flocculation activity, and sustainability by reducing

154



secondary pollution, as compared with conventional synthetic flocculant systems (aluminium

sulphate, ferric sulphate, polyaluminium chloride and ferrous sulphate).

6.2 Materials and methods
6.2.1 Materials

All chemicals were of analytical reagent (AR) grade. Kaolinite, hydrated ferric chloride
(FeCl3-6H20), anhydrous monobasic potassium phosphate (KH2PO4), NaOH (aqg), HCI (aq),
vanadate molybdate reagent, chitosan (medium molecular weight, 85% deacetylation),
monochloroacetic acid, ethyl alcohol, isopropanol, 3-chloro-2-hydroxypropyl
trimethylammonium chloride (CTA) and spectroscopic grade potassium bromide (KBr) were
purchased from Sigma-Aldrich, Oakville, Ontario, Canada. All materials were used as received
unless specified otherwise.
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Figure 6.1: (a) Molecular structure of the synthesized amphoteric CMC-CTA flocculant. (b)
Point of zero charge of CMC-CTA and CMC.

6.2.2 Synthesis and characterization of CMC-CTA

A two-step route described in detail in Chapter 5 was adopted to synthesize the CMC-CTA
flocculant, as shown in Scheme A9.1 (Appendix A). In the first step, carboxymethyl chitosan
(CMC) was synthesized from chitosan and monochloroacetic acid by etherification. In the second
step, CMC-CTA was synthesized by grafting CTA branches onto CMC backbone by adding a
suitable amount of CTA monomer. The structure of the CMC-CTA flocculant is presented in
Figure 6.1a. The yields of the CMC (80.8%) and CMC-CTA (76.4%) are in good agreement with
the results obtained by Yang et al. for the independent synthesis of CMC-CTA**2, The estimated
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value of the point of zero charge, pHpzc (in parentheses), is listed for CMC-CTA (~6.40) and CMC
(~3.30), as illustrated in Figure 6.1b. Potentiometric titration was used as an alternate method for
estimating the degree of substitution (DS) due to its facile operation and low cost. The cationic DS
for CMC-CTA was estimated at 85.4%, where the value of DS is comparable with other
estimates*>#4, notwithstanding the different sources of chitosan. CMC-CTA flocculant was
characterized by several techniques such FT-IR, *H-NMR, **C-NMR (solid state), potentiometry,
point of zero charge and TGA, and the results are presented in Appendix A (Figures A9.3 & A9.4).

Table 6.1: Levels of each factor for the Box-Behnken experimental design

Independent _ Coded level

) Unit Symbol i i
variable Low (-1)  Middle (0) High (+1)
CMC-CTA dose mg/L A 1 3 5
FeCls dose mg/L B 5 10 15
Initial pH C 2 7 12
Settling time min D 10 35 60

6.2.3 Coagulation-flocculation experiment

Standard orthophosphate (Pi), ferric chloride and CMC-CTA aqueous stock solutions were
prepared by dissolving in deionized and distilled water. A calibration curve of P; was obtained
using a vanadate molybdate colorimetric method at a wavelength of 420 nm at pH 6.5 as described
in Section A9.2.1 (Appendix A). The CF process was performed, based on the experimental design
matrix obtained from the BBD and the RSM, using a program-controlled conventional jar test
apparatus with six-2 L jars and stirrers. Approximately 1 L of an aqueous solution containing P;
was added to the jar tester and 5.0 ml of the Pi solution was sampled for UV-Vis spectral analysis
by adding 1.0 ml of vanadate molybdate reagent, where a yellow-colored complex formed after 20
min before recording the optical absorbance. A pre-determined volume of kaolinite solution was
added to each jar solution to simulate colloidal particles in the P; solution. The kaolinite dosage
was maintained at 400 mg/L throughout while the initial Pi concentration was kept at 30 mg/L.
The pH of the turbid P; solutions was adjusted by using 0.1 M NaOH or HCI, according to the
conditions. A pre-determined amount of the coagulant (ferric chloride) was added to the solution,
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followed by rapid stirring for 3 min at 295 rpm, which is considered as the coagulation stage.
Thereafter, the flocculation stage was initiated, whereby the stirring rate was reduced to 25 rpm
for 20 min. During this period, the flocculant (CMC-CTA) was added within the first 5 min after
the coagulation stage. The stirring was stopped, and the solutions were allowed to settle for a given
time (10 — 60 min) before analysis. After the settling time, a 10.0 ml solution aliquot was sampled
from the top layer and the transmittance (%T) was measured (A= 800 nm). In addition, a 15 ml
solution aliquot was sampled and centrifuged for 60 min at 1550 rpm, and then prepared for UV-
Vis analysis to estimate Pi. The solution pH was measured after the appropriate settling period.
The turbidity removal (%) and P; removal (%) was calculated by equations. (6.1) and (6.2).

%T T.-T,

i removal — 100 _To

-100% (6.1)

C, —C,

%P

iremoval —

-100% (6.2)

Here, co and ce are the initial and equilibrium concentrations of P; in solution (mg/L) and T, and
Tc are the transmittance (%T) of the turbid water before and after the CF process. Measurements
were performed in triplicate and reported as the average value along with the standard deviation.
Details on the statistical experimental design using the Box-Behnken design (BBD) and the
response surface method (RSM) are discussed in Section 9.1.4.1 in Appendix A.

6.3 Results and discussion
6.3.1 Box-Behnken Statistical Analysis

A preliminary study in Chapter 5 on the effect of coagulant dosage, flocculant dosage, type of
flocculant, pH, mixing speed and time, temperature, and retention time on the CF process for the
removal of T; and P; was carried out in order to determine the most critical factors and their region
of interest. The most significant factors affecting the CF process were selected to be pH, coagulant
and flocculant dosages and settling time and were employed herein. The Box-Behnken response
surface methodology was employed to evaluate the relationship between the flocculation responses
(Ti and Pi removal) with the most important independent variables (FeCls dosage, CMC-CTA
dosage, pH and settling time). A total of twenty-nine experiments was conducted and the results
are listed in Table 6.2. Several response models, such as linear, interactive, quadratic and cubic

models, can be correlated with the experimental data. However, a suitable selection of the best
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model is required since it must best correlate with the experimental data depending on its adequacy.

Because the quadratic equation contains fewer coefficients, it was selected to represent the

correlation between the experimental data and the responses.

Table 6.2: Box-Behnken experimental design matrix of four variables along with the experimental
and calculated response for P; and Ti removal efficiency

CMC- FeCls Expt P; Expt Ti Calc. P; Calc. Ti
Run CTA dose pH Settling removal removal removal removal
dose(A) (B) (C) time (D) (%) (%) (%) (%)
1 1 5 7 35 70.2+0.4 90.6+0.1 70.4 90.2
2 1 15 7 35 59.0+0.3 90.7£1.0 59.1 90.4
3 5 5 7 35 63.4+0.2 76.0£0.8 63.6 75.7
4 5 15 7 35 75.0+£0.6 76.910.1 75.1 76.6
5 3 10 2 10 97.4+1.8 80.5+0.1 97.0 80.5
6 3 10 2 60 89.5+0.8 76.840.2 89.4 76.7
7 3 10 12 10 88.3+0.4 91.9+1.1 88.6 914
8 3 10 12 60 82.0+0.3 95.8+0.2 82.6 95.2
9 1 10 7 10 68.5+0.4 99.1+0.4 68.2 99.1
10 1 10 7 60 62.0+1.0 99.1+0.3 63.6 101.4
11 5 10 7 10 72.9+0.5 84.3+1.0 72.8 84.8
12 5 10 7 60 66.4+0.4 84.6+0.3 66.1 85.0
13 3 5 2 35 93.1+0.2 70.0+0.8 92.7 69.7
14 3 5 12 35 86.3+1.4 84.2+0.4 85.7 84.1
15 3 15 2 35 93.6+1.1 69.6+0.2 93.5 70.0
16 3 15 12 35 85.4+0.7 84.31+0.3 85.2 84.9
17 1 10 2 35 67.9+0.6 85.2+1.1 68.6 85.5
18 1 10 12 35 60.9+1.1 98.9+1.1 60.9 99.5
19 5 10 2 35 72.8+0.9 70.9+0.2 73.2 70.7
20 5 10 12 35 65.9+0.1 86.10.3 65.6 86.1
21 3 5 7 10 92.240.3 82.840.1 925 83.2
22 3 5 7 60 85.8+0.3 83.01£0.1 86.1 83.7
23 3 15 7 10 92.8+0.4 84.6+0.2 92.9 84.2
24 3 15 7 60 85.8+0.5 83.9+1.6 85.8 83.8
25 3 10 7 35 95.8+0.5 96.3+2.8 96.4 96.7
26 3 10 7 35 95.6+0.4 96.1+1.8 96.4 96.7
27 3 10 7 35 96.6+0.1 96.8+2.6 96.4 96.7
28 3 10 7 35 96.1+0.4 97.242.9 96.4 96.7
29 3 10 7 35 97.540.1 96.942.2 96.4 96.7

The BBD for statistical analysis and the RSM was employed to investigate the effects of the

four independent variables on the response functions, and the evaluation of the optimal conditions

to maximize Pi and Ti removal (%). The independent variables were CMC-CTA dosage (A), FeCls
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dosage (B), pH (C) and settling time (D). The experimental design consisted of four variables (A,
B, C, and D), each at three levels, coded as -1, 0 and +1, for low, middle and high values (cf. Table
6.1). The optimization procedure involved study of the response of the statistically designed
combinations, estimating the coefficients by fitting the experimental data to the response functions,
predicting the response of the fitted model and goodness-of-fit of the model.*>*® The results for the
Pi and T; removal (%) are listed in Table 6.2. The coefficients of the response function for the
independent variables were determined by correlating the experimental data with the response
functions using Quantum XL Sigmazone DOE regression program. Different response functions
and the respective coefficients are described by equations (6.3 and 6.4). The following regression
equations are the empirical models in terms of coded factors for P; and T; removal by equations
(6.3) and (6.4), respectively.

Yp, =96.37+2.31A+0.056B —3.814C —3.380D +5.704 AB + 0.029AC - 0.0066 AD

(6.3)
—0.344BC -0.167BD +0.389CD - 25.77 A> —3.579B” - 3.521C* — 3.456D°

Y; =96.68—7.068A+0.274B +7.341C —0.0047D +0.180AB + 0.349AC + 0.085AD

(6.4)
+0.127BC -.0226BD +1.877CD — 2.600A” —~10.839B° - 8.638C* — 2.099D?

Statistical testing of the model was performed with the Fisher’s statistical test for analysis of
variance (ANOVA). The ANOVA test for the Pi removal is presented in Table 6.3. The ANOVA
test estimates the suitability of the response functions and the significance of the effects of the
independent variables. The student’s t-test and p-values were checked to determine the statistical
significance of the BBD-RSM variables and their interactions at variable probability values.*” The
Fstatistic (the ratio of mean square due to regression to mean square to real error) of 1281 for P;
removal and 248.6 for T; removal was greater than Fstaistic (4.94). According to ANOVA test, a
large value of F indicates that most of the variables in the response can be described by the
regression equation, and probability value (p values) less than 0.05 are considered to be statistically
significant. The ANOVA results indicate that the second order polynomial equation adequately
represents the actual relationship between the Ti and Pi removal (%) and the independent variables
(FeCls dose, CMC-CTA dose, pH and setting time).
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Table 6.3: ANOVA table for Pi removal (%), and Ti removal (%) responses

Source SeqgSS AdjSS DF Adj MS F p Remarks
Pi removal (%)
CMC-CTA dose (A) 128.2 128.2 1 128.2 237.4  0.000 Y
FeCls dose (B) 0.075 0.075 1 0.075 0.139 0.711 N
pH (C) 349.1 349.1 1 349.1 646.6  0.000 Y
Settling time (D) 274.2 274.2 1 274.2 508.0 0.000 Y
AB 260.3 260.3 1 260.3 482.1  0.000 Y
AC 0.007 0.007 1 0.007 0.012 0.912 N
AD 0.000 0.000 1 0.000 0.001  0.980 N
BC 0.946 0.946 1 0.946 1.752  0.193 N
BD 0.223 0.223 1 0.223 0.414  0.523 N
CD 1.212 1.212 1 1.212 2246  0.141 N
AA 8,323 8,616 1 8,616 15960 0.000 Y
BB 84.12 166.1 1 166.1 307.7  0.000 Y
cC 110.6 160.8 1 160.8 2979  0.000 Y
DD 155.0 155.0 1 155.0 287.0  0.000 Y
Error 23.21 23.21 43 0.540
Error pure 18.23 18.23 33 0.552
Error lof 4.986 4.986 10 0.499
Total 9,710 57
Ti removal (%)
CMC-CTA dose (A) 1,199 1,199 1 1,199 1,028  0.000 Y
FeCls dose (B) 1.799 1.799 1 1.799 1543 0.221 N
pH (C) 1,293 1,293 1 1,293 1,109  0.000 Y
Settling time (D) 0.001 0.001 1 0.001 0.000 0.983 N
AB 0.259 0.259 1 0.259 0.222 0.640 N
AC 0.975 0.975 1 0.975 0.836  0.366 N
AD 0.058 0.058 1 0.058 0.050 0.825 N
BC 0.129 0.129 1 0.129 0.111 0.741 N
BD 0.409 0.409 1 0.409 0.351  0.557 N
CD 28.18 28.18 1 28.18 24.16  0.000 Y
AA 1.840 87.69 1 87.69 75.18 0.000 Y
BB 1,151 1,524 1 1,524 1,307  0.000 Y
CcC 913.8 968.1 1 968.1 829.9 0.000 Y
DD 57.20 57.20 1 57.20 49.03 0.000 Y
Error 50.16 50.16 43 1.166
Error pure 43.14 43.14 33 1.307
Error lof 7.017 7.017 10 0.702
Total 4,698 57

Note: ‘Remarks’ means whether the variable under consideration has any significant contribution
to the P; or Ti removal efficiency, where Y and N represent statistically significant and insignificant
variables, respectively.

Figure 6.2 is a Pareto plot for the T; and Pi removal that depicts the standardized effect variables

based on the t values of the independent variables, along with quadratic and interaction effects.
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The length of each bar in Figure 6.2 represents the standardized effect of that variable on the
response functions (Piand T; removal), and the alpha level (o)) of 0.05 was employed to evaluate
the statistical significance. Values of p less than 0.05 indicate a statistically significant variable
effect. If the p-value is greater than 0.05, the variable effect was considered to be statistically
insignificant. The Pareto plots in Figure 6.2 can be used to understand the impact of each variable
on the final response of the Pi and the T; removal. Pareto graphics have positive and negative bars.
The positive bars suggest that by varying the factor, the response function increases, while the

negative bars indicate the opposite.
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Figure 6.2: Pareto chart showing the standardized effects of variables on (a) phosphate (P;) and
(b) Turbidity removal efficiency.

For the P; removal efficiency, the selected 1%-order and 2"9-order variables were shown to be
statistically significant except FeClz (B), according to the Pareto plot in Figure 6.2 and Table 6.3,
indicating that the CF process largely depends on the CMC-CTA dosage and pH of the medium.
In addition, for the interactive variables, AC, AD, BC, BD and CD were found to be statistically
insignificant. Similarly, for the Ti removal efficiency, the selected 13-order and 2"%-order variables
were shown to be statistically significant, except FeCls (B) and settling time (D). Also, for the
interactive variables AB, AC, AD, BC and BD were found to be insignificant except CD, according
to the Pareto plot in Figure 6.2 and the values listed in Table 6.3. The insignificant variables were
identified because the Pareto bars for these variables are below the reference line, as shown in

Figure 6.2, and their p values are relatively high (p > 0.05), as listed in Table 6.3. The significant
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component of the regression model is in the order AA > AB > C > BB > CC > D > A for the present
application for the P; removal efficiency. On the other hand, for the removal of Ti, the most
significant components of the quadratic terms are in the order BB >CC >C >A>AA>DD >CD.
This indicates that the CF process for the P; removal is strongly dependent on the CMC-CTA
dosage, pH and combined interaction of the flocculant and the coagulant dosages. In addition, the
CF process for the Ti removal is dependent on the FeCls dosage and pH, and the flocculant dosage.
The settling time was found to have insignificant effect on the removal of both P; and T;.

The quality (goodness-of-fit) of the regression model was determined by coefficients of R?,
adjusted R? and standard error of estimate (SEE). The value of the R? coefficient indicates the ratio
of the sum of squares due to regression (SSR) to the total sum of squares (SST), where R?
corresponds to the proportion of the total variation in the response predicted by the model. A value
of R? close to unity is appropriate and a rational agreement with adjusted R? is important.?® A high
R? coefficient ensures a satisfactory adjustment of the quadratic model to the experimental data.
The R? statistic indicates that the models account for 99.76% of the variable P; and 98.93% for the
variable Ti removal efficiency. This suggests that only 0.24% (for P;) and 1.07% (for Ti) of the
total variation could not be explained by the empirical model. The adjusted R? statistic (99.68%
and 98.56%) for P; and Ti removal, respectively, is more suitable for comparing models with a
range of independent variables. The SSE shows the standard deviation of the residuals to be 0.735
and 1.08 for P; and Ti removal, respectively. The accuracy of the regression model was verified by
the parity and residual plots in Figure 6.3. Figures 6.3 (a & c) illustrate the plots of the predicted
Pi and T; removal (%) versus measured values. Most of the data are distributed near the straight
line, where the measured and predicted values are similar, indicating that the regression model is
predictive. These plots provide information on the fit criteria contained in the residuals. In Figures
6.3(b & d), the maximum deviation between the predicted and the measured P;iand T; removal
efficiencies is below 4.0% and reveals a good correlation between the predicted and the measured

values.
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Figure 6.3: Parity plot showing the correlation between the predicted and experimental values of
(a) turbidity and (c) phosphate removal efficiency. Residual error as a function of experimental
data of (b) turbidity and (d) phosphate removal.

6.3.2 Main effects of the independent variables on the response functions

Figure 6.4 is a plot depicting the main effects of the CF factors on Ti and P; removal efficiency.
Figure 6.4 appropriately illustrates essential factors that are at two or more levels in a designed
experiment, enabling an in-depth analysis of the effects of factors considered in the coagulation-
flocculation process.?® These plots provide a preliminary conclusion about the effects of the CF
independent variables; pH, FeCls dose, alginate dose, and settling time on the response functions
(Pi and T; removal efficiency) shown in Figure 6.4. In Figure 6.4a, the P; removal (%) decreased
as the CMC-CTA dosage increases, indicating less flocculant dosage is required to obtain optimal
removal. The Pi removal (%) increased as the FeCls dosage increased until it reached an optimum
value (90.4%), where a decrease occurred with an increase in the coagulant dosage. In addition, as
the pH is increased, there is a sharp increase in the Pi removal (%) until a value of 89.4 %, which
then increased again steadily as the pH further increased. The settling time appears to have an

independent effect on the Pi removal (%) since an increase in the settling time of the flocs did not
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significantly affect the P; removal efficiency. In the case of the Ti removal (%) (cf. Figure 6.4(b)),
the removal efficiency reached an optimal value (91.4%) as the CMC-CTA dosage increased, and
then decreased sharply with increasing CMC-CTA dosage. An increase in the FeCls dosage had
an independent effect on the Ti removal efficiency since increasing the FeCls dosage (5.0 mg/L to
15 mg/L) had a negligible effect on the Ti removal efficiency. In addition, as the pH increases from
2 to 12, the Ti removal efficiency increased slightly (85.7% to 87.1%), where a similar effect was
noted for settling time on the Ti removal efficiency in Figure 6.4b(iv). Determination of the role
of the main effects to evaluate the response function is challenging because it does not account for
interaction effects between different independent factors on the response variables. Hence, the

effects of the interaction variables on P; and Ti removal efficiency are discussed in the next section.
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Figure 6.4: Main effects plot of (i) CMC-CTA dose, (ii) FeCls dose (iii) initial pH alginate dose
and (iv) settling time on (a) phosphate and (b) turbidity removal efficiency.
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6.3.3 The interactive effects of variables on phosphate flocculation

The three-dimensional (3D) response surface plots (Figure 6.5) and 2D contour plots in Figure
A9.5 (Appendix A) were obtained from the model-predicted response by changing two
independent variables within the experimental conditions while keeping the other two terms
constant at the optimal level. The response surface is a graphical representation of the regression
equation for the visualization of the relationship between the response and experimental levels of
each variable.”® These plots are useful to assess the interactive relationship between the
independent variables and the response functions. The elliptical contour plots in Figure A9.6 show
significant interactive effects on Piremoval (%) between any two variables. In other words, there
are significant interactive effects on the response variable between FeCls and alginate dosage,
FeCls dosage and pH, FeCls dosage and settling time, CMC-CTA dosage and settling time, pH
and settling time, as well as alginate dosage and pH. In addition, the obvious peak in the 3D
response surface plots for the Pjand Ti removal (%) confirms that the optimal conditions were
exactly located inside the design boundary. The contribution of interactive effects between
different variables is discussed below.

Figure 6.5(i) shows the response surface plot and Figure A9.5(i) shows the contour plots for
the interaction between pH and FeClsz dose at the optimal levels of CMC-CTA dose and settling
time. Between pH 2.0 to 4, the P; removal increased from 93.2% to 98.6%, while a decrease to
86.6% occurs as the pH increases further. At pH 10 and FeClz dosage of 15.0 mg/L, the P; removal
is 88.6%, however, at pH 2 and FeCls dose of 12 mg/L, the Pi removal was 90.0%. This indicates
that as the pH and FeCls dosage increase, the Pi removal (%) increases until it reaches an optimal
value and then decreases as these variables (pH/ FeClz dosage) increase. The results obtained
herein are expected because pH has a remarkable influence on the CF process. The pH of the
medium controls charge neutralization process on hydrolysis products and the precipitation of
Fe(l11) hydroxides. Phosphate has an anionic surface charge in its ionized state, where hydrolysis
products of FeClz can neutralize the charge of Pi. Therefore, charge neutralization is a likely
mechanism for P; removal, where adsorption and sweeping may be considered as possible removal
mechanisms due to the presence of CMC-CTA. In acidic media at low pH, protonation may occur,
resulting in reduced charge density, which leads to self-assembly of P; where less coagulant is
required. For instance, at a fixed pH, an increase of the FeClz dose leads to greater P;removal until

an optimum dose of 10.4 mg/L, which decreases gradually as the FeCls dose further increases.
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Figure 6.5(ii) represents the response surface plot and Figure A9.5(ii) represents the contour plot
for P; removal at optimal levels of pH and settling time, and variable CMC-CTA and FeClz dosages
within the experimental design. The 3D surface plot provides evidence that an interaction occurs
between the dosage of FeClz and CMC-CTA with the level of Pi removal. This relates to a peak in
the response surface plot within the experimental boundary. At greater CMC-CTA and FeCls
dosages, the P; removal (%) also increased until an optimal value (99.2%) was obtained at 3.2
mg/L and 10.4 mg/L for CMC-CTA and FeCls, respectively. Beyond the optimum dosage of the
coagulant and the flocculant, there is an excess of these materials in the solution, which causes
restabilization, and dispersion of the flocs formed which lowers the removal efficiency. Greater
removal (> 92%) was obtained at all conditions. At the optimum pH, hydroxide of the Fe(lll)
neutralizes the phosphate through charge neutralization and surface complexation mechanisms.
The FePOs precipitate is swept and then adsorbs the CMC-CTA polyelectrolyte species by
polymer bridging and adsorption mechanisms.*°

Pi removal was studied as a function of CMC-CTA dosage and pH and the results are presented
in Figure 6.5(iii) as 3D surface and Figure A9.5(iii) as 2D contour plots. The plots indicate that
the optimal regions for the two interacting variables are located within the design boundary. At a
constant CMC-CTA dosage such as 1.0 mg/L, the P; removal (%) increases until an optimum pH
condition is obtained at 4.2. As the pH increases beyond the optimum level, the P; removal
decreases notably. By comparison, the CMC-CTA dose increased at constant pH where the P;
removal increases steadily at an optimum dose of 3.1 mg/L and decreases as the CMC-CTA dose
increases beyond the optimal value. As the pH and CMC-CTA dose was increased, the Pi removal
(%) increased, while the opposite occurs as the pH and CMC-CTA dosage increase beyond their
optimal values. Figure 6.5(iv) depicts the response surface plot and Figure A9.5(iv) illustrates a
contour plot for P; removal at optimal levels of pH and FeClz dose at variable CMC-CTA dose and
settling time. From Figure 6.5(iv), at constant CMC-CTA dose, the Pi removal (%) increased from
10 to 21.9 min. Beyond the optimal settling time, the removal (%) decreased. In addition, the P;
removal (%) increased with greater CMC-CTA dosage at a fixed settling time. However, beyond
this optimal value, the removal (%) decreased. This implies that the interaction between settling
time and CMC-CTA dosage within the specified range has a significant impact on Pi removal.
Similar results were observed for the variation between settling time and FeClz dose, as shown in

Figure 6.5(vi). Figure 6.5(vi) shows the effect of variable pH and settling time at the optimal levels
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of FeClz and CMC-CTA dosage on the P; removal. An increase in pH at constant settling time
yielded greater P; removal, where the response variable decreased as the pH increased beyond the
optimal level. On the other hand, at constant pH, greater efficiency was obtained with a longer
settling time until it reached an optimal value at 39.2 min, with a gradual decrease as the settling
time increased. During the long contact time, the P; species were destabilized, which led to the
formation of large flocs with excellent settling ability. However, beyond the optimal settling time,
restabilization of the flocs occurred that resulted in lower removal efficiency. As the pH and
settling time decreased or increased beyond their optimal level, the Pi removal was lower than the

optimal conditions.

6.3.4 The interactive effects of variables on turbidity flocculation
Figure 6.6 shows 3D response surface plots and Figure A9.6 depicts 2D contour plots of the
quadratic model for turbidity flocculation. Similar to the Pi removal discussed in Section 6.3.3, the
elliptical contour plots show significant interactive effects on T; removal (%) between any two
variables. Figure 6.6(i) depicts the 3D surface plots for the interaction between pH and FeCls
dosage at fixed optimal conditions of CMC-CTA dosage and settling time. Increased Ti removal
was observed with increasing FeCls dose and pH values, with maximum removal of 98.6% at pH
9.1 and FeCls dose of 10.0 mg/L. However, an increase in both FeCls dose and pH beyond the
optimum region resulted in a decrease in the T; removal (%). At FeCls doses higher than 10.0
mg/L, the removal efficiency began to decrease at all the coagulation pH values. This indicates
that FeClz overdosing occurred in the reaction solution. Overdosing deteriorated the supernatant
quality, resulting in restabilization of the colloidal particles, limiting the coagulation efficiency.
At the optimum FeClz dosage, coagulation occurs generally between pH 6 and 9.5. At such
conditions, the FeCls coagulant requires sufficient alkalinity for proper hydrolysis to take place,
where the formation of insoluble hydroxides leads to a reduction in turbidity.>® At pH 6-9.5, the
sweep-floc mechanism leads to the rapid formation of amorphous solid-phase Fe(OH)s(s), further
supporting the results obtained herein. Hence the removal of turbidity occurred by adsorption on
the Fe(OH)s(s).!

Figure 6.6(ii) depicts the response surface and contour plot (Figure S6.4(ii)) for Ti removal (%)
at optimal levels of pH and settling time, with variable CMC-CTA and FeCls dosages for the

experimental design. Figure 6.6(ii) shows that a maximum T; removal of more than 95% occurs at
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CMC-CTA and FeCls dosages of 1.0 mg/L and 10.0 mg/L, respectively. This maximum removal
occurs because the coagulant (FeCls) becomes ionized, and the ionized Fe3* can easily neutralize
the residual charge on particles and expand the chain on the bridge of polymer flocculant. Beyond
a dosage of 1.0 mg/L for CMC-CTA, excess flocculant in the colloidal suspension may lead to
restabilization of the flocs, which causes a reduction in the Ti removal efficiency. In Figure 6.6(ii),
the turbidity removal increased as the coagulant and flocculant dosages increased up to the optimal
removal level, where a decreased effect occurs thereafter. This trend follows an electrostatic charge
neutralization mechanism since more cation species are present in the turbid water that undergo
charge neutralization with the negatively charged colloidal particles as the flocculant dosage
increases below the optimum value. Beyond the optimum flocculant dosage, precipitation of
kaolinite occurs. However, the addition of excess cationic flocculant leads to re-stabilization,
where an excess positive charge on the aggregates and macroflocs undergo repulsive interactions
that reduce turbidity removal. Dey et al.>? reported that flocculant dosage beyond the optimal level
led to a greater polymer flocculant density in the colloidal suspension as intermolecular repulsion
occurs between the polymer branches. The greater repulsive over attractive interactions contribute
to suspended particles with lesser interactions with the flocculant functional groups, resulting in
decreased turbidity removal known as de-flocculation.®? The interaction between the flocculant
dosage and the pH is illustrated in Figure 6.6(iii) and Figure A9.6(iii). The symmetrical elliptical
shape contour with the maximum response at the central contour plot indicates that there was a
significant interaction between flocculant dosage and pH for turbidity removal. The T; removal
(%) increased with greater CMC-CTA dosage and pH until a maximum value is obtained (99.1%)
at optimal values of 1.0 mg/L of CMC-CTA and pH 9.1. However, a decrease in the removal (%)
occurs outside the optimal condition due to excess positively charged ions in the colloidal
suspension that leads to stabilization of the flocs, as discussed above. This phenomenon can be
explained as follows: within an optimum pH, the hybrid copolymer can neutralize the residual
charge on the particles for that range by expanding the chain of polymer bridging.

The response surface and contour plots for T at optimal levels of pH and FeClz dose, while
varying CMC-CTA dose and settling time for the experimental design is illustrated in Figures
6.6(iv) and A9.6(iv). From Figure 6.6(iv), at a fixed dosage of CMC-CTA, the Ti removal (%)
increases from 10 to 39.3 min. However, beyond the optimal settling time, the removal level

remains virtually constant. Greater removal (84 -100%) was obtained at all working conditions.
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This implies that the interaction between settling and CMC-CTA dosage within the specified range
does not significantly impact T; removal. According to Figure 6.6(v), the interaction between pH
and settling time indicates that the optimal pH and settling time values are 9.1 and 39.3 min. A
sharp feature is observed in the response surface plot showing the interaction between FeCl3
dosage and settling time, as illustrated in Figure 6.6(vi). The apparent peak in the response surfaces

for the Ti removal (%) confirms that the optimal conditions were exactly within the design
boundary.
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Figure 6.6: Three-dimensional Box-Behnken response surface plots of T; removal (%) as a
function of (i) pH and FeCls; (ii) CMC-CTA dose and FeCls dose; (iii) CMC-CTA dose and pH;

(iv) CMC-CTA dose and setting time; (v) pH and settling time; and (vi) FeCls dosage and settling
time.
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Table 6.4: Results of validation experiments under optimized conditions

Independent variable Pi Removal (%) Ti Removal (%)

Test CMC-CTA  FeCls dose Settling Calec.  Expt  Calc.

dose (mg/L) (mg/L) pH (tr%r?:) Exptvalue value value value
1 3.0 10 6.8 28 97.7+0.7 964 96.4+05 96.7
2 15 5.0 2.0 25 80.4+0.9 816 74402 743
3 5.0 7.5 4.5 225 705+1.1 709 785+08 779
4 4.0 12.5 9.5 47.5 87.1+0.5 86.3 909+06 915
5 5.0 15 12 55 61.9+0.5 62.7 75107 7538
6 3.0 8.0 6.0 10 96.3+0.4 96.3 92.0+0.7 912

6.3.5 Optimization conditions and verification

The optimization for individual removal of phosphate and turbidity achieved under different
optimal conditions is a major challenge in wastewater treatment. Therefore, it is important to take
into account the comprehensive removal of these contaminants for practical applications. Removal
of phosphate and turbidity are two individual responses, where the optimization was achieved
under different optimal conditions. Figure 6.7 shows the T; vs. Pi removal for the coagulant-
flocculant system studied herein. Accordingly, there is no obvious correlation between the two
responses. Thus, the removal mechanisms of turbidity and phosphate are likely different and the
optimum conditions for the removal of each substance differ. Therefore, a compromise among the
conditions for the two responses is desirable. The optimal conditions for maximum P; and Ti
removal were determined by the response models by the experimental data. The optimal conditions
calculated from the regression equations in equations 6.5 and 6.6 are as follows: CMC-CTA
dosage of 3.1 mg/L; 10.4 mg/L for FeCls dosage; pH of 4.12 and settling time of 21.9 min for
phosphate removal, and CMC-CTA dosage of 1.0 mg/L; 10.0 mg/L for FeCls dosage; pH of 9.1
and settling time of 39.2 min for T; removal. The corresponding removal of P; and T; for these
optimal conditions is 98.4% and 99.8%, respectively. The optimized condition indicates acidic
condition, shorter settling time and relatively minimal dose of CMC-CTA is required to achieve
optimal P; removal. However, longer settling time, alkaline condition and lesser flocculant are
required to maximize the T; removal efficiency. Since both responses have different optimal
condition, a compromise among the conditions for the two responses is desired. The desirability
function approach was employed to achieve such a goal. The compromised optimal conditions
calculated from the regression equation were as follows: CMC-CTA dosage of 3.0 mg/L, FeClz
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dosage of 10.1 mg/L, pH 6.8 and settling time of 28.0 min, respectively. The corresponding
removal is 96.4% and 96.7%, for P; and Ti removal.

The validity of the statistical methodology and the experiment was confirmed by performing
additional experiments in triplicate at the compromised optimized conditions, and five other
conditions within the range of the experimental design. The selected conditions for the CMC-CTA
dosage, FeCls dosage, pH and settling time are listed in Table 6.4, along with the predicted and
the experimental results for phosphate and turbidity removal efficiency. The Pij removal by
experiment was 97.7 £ 0.7%, and Ti removal was 96.4 + 0.5, in good agreement with the predicted
optimal P; (96.4%) and Ti (96.7%) removal efficiencies. As shown in Table 6.4, the measured and
the estimated values of Pi and T; removal (%) obtained from the RSM are close to each other. The
result verifies that the RSM approach is useful for optimizing the operational conditions of the
coagulation-flocculation process. As well, the RSM enables the prediction of an empirical
relationship between the response factors (Pi and Ti) and the independent variables. Table A9.9
(Appendix A) represents a comparison between the removal of P; using different coagulants and/or
flocculant systems. The results show that the P; removal at the optimized conditions herein for the
binary Fe(l11)-CMC-CTA coagulant-flocculant system is significantly greater when compared
with other coagulant-flocculant systems. Herein, slower dosages of FeClz and CMC-CTA, as well

as acidic to neutral pH conditions are required for efficient dual-removal of T; and P;i.
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Figure 6.7: Turbidity removal (%) as a function of phosphate removal (%) using the coagulant-
flocculant system.
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6.3.6 Flocculation kinetics

During the CF process, a rapid stirring is required to uniformly disperse coagulant in a
wastewater solution to form microflocs, followed by slow mixing upon addition of the polymer
flocculant to the wastewater, leading to agglomeration of the microflocs to form macroflocs.>>*
The properties of the macroflocs depend on the contact time between the flocculant and the
microflocs. Adequate contact time is important to form large, dense and compact flocs that have
greater settling properties.>® Figure 6.8(a & b) illustrates the effect of settling time on the Tiand P;
removal efficiency using Fe(l11)-CMC-CTA at the optimal conditions. The process was carried
out using a variable time sequence, as discussed in Section 5.3.2.3 (in Chapter 5): (i) fast mixing
at 295 rpm for 3 min after addition of the coagulant to the wastewater; (ii) slow mixing at 20 rpm
for 25 min after addition of the polymer flocculant; and (iii) sedimentation at different times (1 to
90 min) to allow floc settling. After the desired settling time, an aliquot of the supernatant was
sampled and prepared for turbidity and P; measurement by UV-Vis absorbance. The kinetics of
the CF process for Pi and T; removal at the optimum conditions are depicted in Figure 6.8(a & b).
The results show that the flocs quickly settle out within the first 20 min with little or no change in
the flocculation efficiency after the first 25 min and reveal that the flocculant properties do not
improve for a settling time beyond 20 min.

The PFO and PSO kinetic models were used to evaluate the adsorption Kkinetics of P; and
kaolinite colloidal species with the Fe(I11)-CMC-CTA flocculant system. The PSO model is based
on the assumption that the rate-limiting step involves interaction between the adsorbent
(flocculant) and adsorbate that is often used to describe a chemisorption process®®; however, the
PSO model suggests that the sorption rate decreases linearly as the adsorption rate increases.®” The

PFO and PSO models are described by equation (6.5) and (6.6), respectively.

0 =0, (1—e ) (6.5)
k,q.’t

=_—2% 6.6

qt 1+k2qet ( )

Here, ge and q: are the level of P; or kaolinite particles adsorbed (mg/g) at dynamic equilibrium
and at time t. ky and k> are the respective rate constants, where the parameters (ki, ko and ge) were

estimated using non-linear regression fitting by equations (6.5) and (6.6).
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Table 6.5: Pseudo-First-Order (PFO) and Pseudo-Second-Order (PSO) kinetic parameters for T;
and P; removal at optimized flocculation conditions. ¢, (Ti) = 400.0 mg/L and ¢, (Pi) = 35.0 mg/L

Kinetic models

Parameter PFO: Pi removal PSO: Ti removal

Qi (mg-g?) 165+ 1 114 +1

k- 10° (min™") 131 +5 1.9+0.1

R. Chi? 16 7

R? 0.991 0.987
PSO: Pi removal PSO: Ti removal

Qi (mg-g™?) 185+ 3 103+ 2

k- 10° (gmg 'min") 1.0+0.1 146 £ 10

R. Chi? 38 21

R? 0.977 0.959

The results of the flocculation of Pi and T; by the FeCls/flocculant system are shown in Figure
6.8(a & b), where the lines represent the best-fit results for PFO and PSO models. Values of ki, ko,
e and R? obtained from the regression analysis are listed in Table 6.5. Figure 6.8(a, b) describes
the flocculation kinetics for Pi and T; removal, respectively. The results in Figure 6.8 and the
parameters in Table 6.5 show that T; and P; removal is well-described by each kinetic model. The
flocculation kinetics of P;j are in good agreement with the PFO model whereas the kinetics of the
Ti removal agrees with the PSO model according to the best fit results in Table 6.5. In addition,
the predicted values of ge determined by the PFO model agree well with experimental values, as
compared with the PSO kinetic model for Pi removal. But the reverse was observed for Ti removal,
where the best-fit values of ge obtained from the PSO model agree more with the experimental
values over the PFO model. The rate constant of the PSO (k2) model is significantly greater than
the PFO (k2) model for the P; removal process, however, for the T; removal, values of k; are
remarkably greater than k. values as depicted in Table 6.5. The kinetic study herein showed that
the PSO model described the flocculation process for Ti removal. The analysis of Kinetic
parameters indicates the rate-limiting-step for flocculation involves interaction between the
Fe(ll)-CMC-CTA flocculant system and the anionic colloidal kaolinite, following a
chemisorption-like process, where the flocculation process could be considered as irreversible.
Also, the PFO adsorption mechanism describes the flocculation of P; by Fe(lll)-CMC-CTA
flocculant system, per the PFO model. This shows that the P;j species are adsorbed by the flocculant

system, where the rate decreases linearly as the adsorption rate increases. The results presented
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herein are comparable to those obtained in Chapter 4 and other previous reports where phosphate,
arsenate and anionic dyes were flocculated with polysaccharide-based flocculants.>®-¢° The rapid
equilibrium process at 22 min (Figure 6.8(a & b)) indicates that P; and/or kaolinite anion species
interact well with the outer surface sites of the flocculant system.
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Figure 6.8: Flocculation kinetics of (a) Pi and (b) Ti removal in aqueous solution at variable time
intervals. (c) The adsorption isotherm of P; by combined FeClz and CMC-CTA at optimized
flocculation condition. (d) van’t Hoff plot of In(Ks) vs 1/T for Pi adsorption on CMC-CTA-FeCls
flocculants.

6.3.7 Flocculation adsorption

Initial contraction of the contaminant in wastewater is known to affect the CF performance
significantly. Hence, the effect of the initial concentration of P; on the CF removal efficiency was
investigated through adsorption studies. Understanding of the interaction between adsorbates and
adsorbents and the optimization conditions can be obtained from the adsorption isotherms.®! In
this study, the adsorption isotherm models were used to understand the adsorption processes to

elucidate the flocculation mechanism. The experimental results were fitted by Langmuir, Sips and

175



Freundlich adsorption isotherms. The equations for the Langmuir,®? Freundlich,®® and Sips®
isotherm models are given below from equation (6.7 to 6.9). The assumptions of each model have
been discussed in Section 2.8.2. In this study, the adsorption isotherm models were used to
understand the adsorption processes to understand the flocculation mechanism.

LA 6.7)
* 1+Kc,
qe = KfCe% (68)
K.q.ck
. — sqm en (6.9)
1+K,c,

Herein, gm (mg-g™) is the monolayer adsorption of Pi per unit mass of Fe(111)-CMC-CTA adsorbent
and qe is the amount of adsorbed Pi (mg-g?). Ki (Lg?) Kr and Ks (Lg?) are the equilibrium
adsorption constants for Langmuir, Freundlich and Sips models, respectively, which are related to
the affinity of the binding sites. In the Freundlich model, the empirical exponent variable (n) gives
useful information on the shape of the isotherm, where the adsorption process may be classified
as unfavorable (1/n > 1), favorable (1/n < 1), and irreversible (1/n = 0). In the Sips model, at low
adsorbate concentrations, it converges to a Freundlich isotherm. At high adsorbate concentration
(or ns = 1), the model reduces to a Langmuir isotherm.®®

Figure 6.8c is the adsorption isotherm for the removal of P; by Fe(111)-CMC-CTA flocculant
system. The fitted lines through the data represent the goodness-of-fit of the isotherm models
employed herein, where the variables are listed in Table 6.6. According to the results in Figure
6.8c and Table 6.6, the dimensionless constant, n! in the Freundlich model exceeds unity (2.4 +
0.2) and suggests that the adsorption process is not favorable and does not follow a heterogeneous
process. Additionally, the removal of P;i by the Fe(lll)-CMC-CTA flocculant system is well-
described by the Langmuir and Sips models. The value of ns (1.1 £ 0.1), according to Sips model,
is near unity, which implies that the Sips isotherm converges with the Langmuir model when ns=1
and indicates favorable adsorption of phosphate. Hence, it can be inferred that the flocculation of
Pi by Fe(l11)-CMC-CTA follows a homogeneous mechanism based on the charge neutralization
reaction between the anionic P; and the ferric cation and cationic CMC-CTA flocculant under acid
and neutral conditions. Moreover, the monolayer adsorption capacity (qm; mg/g) for Pi, given in

parentheses at the optimized conditions, are greater for the Langmuir isotherm (157 + 3) relative
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to the Sips isotherm (139 + 3). Herein, the Langmuir model is considered more reliable due to ns
value (from Sips model) being near-unity as well as the relative simplicity and favorable goodness-
of-fit for the Fe(lll)-CMC-CTA flocculant system for the Langmuir model. The Langmuir
adsorption constant, K; is 0.09 £ 0.01 L/g, where this describes the adsorption process of P;
adsorbed on Fe(111)-CMC-CTA. This shows that there a strong affinity between P; with Fe(lll)-
CMC-CTA to form large, dense and stable flocs in solution. The flocculation isotherm would have
been described by the Freundlich model if other interactions occur besides electrostatic processes
during flocculation. The Freundlich isotherm model is often used to describe heterogeneous

adsorption systems.%®

Table 6.6: Langmuir, Sips and Freundlich adsorption isotherm coefficients and thermodynamic
parameters for adsorption of P; by CMC-CTA-FeCls flocculant system at pH 6.5

T AG° AH° AS°

Parameter Adsorption isotherm model (K) (kJ/mol) (kJ/mol) (J/K mol)

Langmuir Sips Freundlich 283 -3.9
Qm(mg/g) 1573 139+ 2 293 -5.7
K x 103 87+5 6315 27+3 298 -6.8
n 11+01 24+08 303 .75  B*2 165%6
R. Chi? 6 2 54 313 -9.0
R? 0.994 0.998 0.949 323 -10

6.3.8 Flocculation thermodynamics

The effect of temperature on the coagulation-flocculation of Pi by the Fe(lll)-CMC-CTA
flocculant system was investigated via thermodynamic studies. Values of the thermodynamic
parameters such as the change in standard Gibbs free energy (AG®°) at equilibrium, standard
enthalpy (AH®) and standard entropy (AS°) were calculated according to the equations below.

These parameters were obtained by performing the flocculation process at variable temperatures.

AG’ =-RTInK, (6.10)

AG° = AH° —TAS® (6.11)
AS°  AH°

InK, == _—""_ 6.12

P R RT (6.12)
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Here, R is the universal gas constant (8.314 J-mol™>-K™), T is the absolute temperature and Kp is
the adsorption equilibrium constant from the Langmuir, which is given according to equation
(6.13).%7

C
e (6.13)
Values of AG® were calculated at different temperatures using equation (2.13) and they are listed

in Table 6.6. Also, the values of AH® and AS°® were obtained by a linear fitting following equation
(6.12) when InKp was plotted as a function of T, and the results are presented in Figure 6.8d and
Table 6.6. The flocculation-adsorption process is spontaneous due the negative values of AG® for
the P; adsorption. As the temperature increases, the values of AG® increase negatively, suggesting
that the flocculation of P; is energetically favorable at all temperatures. The positive values of AH®
obtained herein confirms that the flocculation process is endothermic and the product (flocs) is
thermodynamically stable. Since AH® is less than 40 kJ/mol, hence, it can be asserted that the
flocculation process involves physical interaction (physisorption) between the Pi and the Fe(l11)-
CMC-CTA flocculant. The value of AS° is positive, suggesting increased randomness and
spontaneity at the liquid-liquid interface during the flocculation-adsorption process and the value
reflects the strong adhesion of the Fe(111)-CMC-CTA flocculants towards the P;. Also, the positive
nature of AS® implies that the spontaneity of the flocculation process is entropy driven. The results

obtained herein are comparable to previous reports.®’~"°

6.3.9 Coagulation-flocculation mechanism

When FeCls coagulant is added to turbid phosphate wastewater, the contaminants are
predominantly coagulated by charge neutralization. In this case, the positive charge on the metal
ion neutralizes the negatively charged sites of the contaminant particles. The addition of the
polymer flocculant (CMC-CTA) acts as a destabilizing agent through charge neutralization and
precipitation mechanism due to the electrostatic attraction between the positive charge on the
polyelectrolyte and the negative charge on the contaminants. In the charge neutralization
mechanism, flocculation may take place due to the reduced surface charge of the particles
(reduction of zeta potential). As well, a decreased electrical repulsion between colloidal particles
favors van der Waals attraction that results in initial aggregation of colloidal and fine suspended
materials to form microfloc.”* Hence, growth of microflocs to macroflocs occurs through

flocculation due to the reduced surface charge of the particles and the decreased electrical repulsion
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between them owing to the depression of the electrical double layer, leading to destabilization of
the colloidal particles.”> When the CMC-CTA dosage is low, electrostatic charge repulsion is
another mechanism that may occur’ ™ because the particle surface is not fully covered as for the
initial stages of adsorption. This is known as electrostatic patching, as discussed in Section 2.7.1
in Chapter 2, and occurs when a highly charged cationic polyelectrolyte adsorbs on a negatively
charged surface to give overall neutrality. This happens because the average distance between
surface sites is greater than that between charged segments along the polymer chain; hence, it is
not possible for each surface charged site to be neutralized by a cationic polyelectrolyte unit.”
Flocculation occurs due to electrostatic interaction between the positive patches and the negative
area, which leads to particle attachment as particles come closely together.”

Another flocculation mechanism relates to polymer bridging that involves the formation of
macroflocs from microflocs produced by coagulation with FeCls through a flocculation process
upon the addition of CMC-CTA. In this process, electrolyte bound to floc particle has loops and
dangling/tailing chains that can attach to nearby particles.”* The mechanism is favored when long-
chain polymers without a high level of charge are used.”” In this process, electrostatic and non-
electrostatic forces cause one polymer chain to be adsorbed on two or more flocs. This occurs
when the surface is partly covered, especially at the initial stages of the process, or when the
polymer dosage is low and occurs immediately at the point of the addition of the polymer according
to the mixing conditions.” At acidic condition, there is an affinity between the positively charged
CMC-CTA and negatively charged colloidal suspensions (kaolinite-induced turbidity) and
dissolved materials (Pi); hence, adsorption of polymer chains may occur. Due to the numerous
points of attachment, the affinity between the polymer segment and the surface sites of the
contaminants is low. In addition, the adsorption affinity should be appreciable to overcome the
loss of entropy associated with polymer adsorption because an adsorbed chain will have a more
restricted configuration than a random coil in free solution.” According to Napper’®, polymer
adsorption usually follows three categories; (i) attached the surface in trains; (ii) projecting of
polymer into the solution as tails; and (iii) the formation of loops, between trains. Adsorption of
polymer segments onto contaminant surface sites may occur via electrostatic interactions,
hydrogen bonding or ionic bonding. Electrostatic interaction between polyelectrolytes with

opposite charges to that of the surface site are strongly adsorbed. Adsorption occurs because of the
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interaction between oppositely charged ionic species. Scheme 1 is a general illustration of the

coagulation-flocculation process described herein.
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Scheme 6.1: Schematic illustration of the proposed coagulation-flocculation mechanism.

6.4 Conclusion

In Chapter 5, an amphoteric chitosan-based flocculant was synthesized by grafting 3-chloro-2-
hydroxypropyl trimethylammonium chloride onto a carboxymethyl chitosan backbone denoted as
CM-CTA. Herein, a jar test system was used to investigate the optimization of the coagulation-
flocculation system for phosphate and turbidity removal in an aqueous medium. The Box-Behnken
method was used to design the order of the experimental runs and to statistically analyze the
experimental data in order to optimize the conditions for maximum P; and T; removal. The CMC-
CTA and FeCls dosage, together with pH and settling time, were determined as significant factors
to yield optimal P; and turbidity removal. By employing the BBD, on the basis of RSM, it was
proven that combination of CMC-CTA dosage, FeClz dosage, pH and settling time has a

considerable effect on removal of the selected response functions. The predicted quadratic
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polynomial models by the RSM method was used to estimate the P; and T; removal over the range
of experimental design. Optimal conditions for the CF process occurred at pH 4.1, FeCls (10.4
mg/L), CMC-CTA dosage (3.1 mg/L) and settling time (21.9 min) for P; removal, and pH 9.4,
FeCl3 (10.2 mg/L), CMC-CTA dosage (1.0 mg/L) and settling time (39.8 min) for T; removal with
a high removal efficiency for Pi (98.4%) and Ti (99.8%). The compromised optimal conditions
calculated from the regression equation were as follows: CMC-CTA dosage (3.0 mg/L), FeCls
dosage (10.1 mg/L), pH 6.8 and settling time of 35.0 min. The corresponding removal was 96.4%
and 96.7%, for Pi and Ti. The validation results showed good agreement between experimental
results and the RSM predictions, further illustrating that RSM can be used to model and optimize
CF processes for phosphate and turbidity removal for demanding water treatment and technology
applications. The flocculation process occurred via physisorption interaction between the colloidal
species and the Fe(111)-CMC-CTA flocculant system and the process was spontaneous and driven

by entropic forces relative to enthalpic forces.
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CHAPTER 7
7 Flocculation properties of cationic chitosan-based flocculant for phosphate

and turbidity remediation

Description

This study reports on the design of a series of a single-component, high molecular weight, and
mechanically stable cationic bioflocculants for efficient removal of phosphate and colloidal
suspended particles (turbidity), without the need to employ inorganic coagulants. The
bioflocculants were characterized by several techniques to confirm the structure of the modified
biopolymer materials. The flocculation properties of the modified materials were investigated,
where the effects of several external conditions (pH, flocculant dosage, settling time, and
temperature) were examined. Also, flocculation Kkinetics, adsorption, and equilibrium

thermodynamics were studied, and the flocs were characterized by several techniques.
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the supervision of the project, editorial guidance for revision of the manuscript drafts, and
corresponding author. Permission was obtained from all contributing authors before the inclusion
of the manuscript in this thesis.

Relation of Chapter 7 to Overall Objective of this Project

This chapter discusses the modification of chitosan to form a single-component flocculant
system for enhanced removal of phosphate and turbidity. It addresses the third research theme that
focuses on the synthesis, characterization and flocculation performance and floc structural
properties of high molecular weight cationic chitosan-based flocculant. In addition, this study
supported hypotheses 1, 2, 3, and 6 introduced in Section 1.4 of Chapter 1. Herein, it was observed
that modification of native chitosan improved its flocculation performance in a single-component
system without the addition of metal ion coagulant. Also, external factors such as pH, temperature,

settling time, and flocculant dosage had a significant effect on the removal efficiency, where an



optimum set of conditions is required to obtain maximum removal. Moreover, the modified
biopolymer resulted in improving the properties of the flocs. Entropy effects were concluded from

a thermodynamic study of the flocculation process at variable temperature.

7.1 Introduction

Conventional coagulation-flocculation (CF) involves the use of chemical reagents to promote
the removal of colloidal suspended particles and dissolved nutrients in wastewater. Accordingly,
CF-based wastewater treatment occurs in two successive stages; destabilization of stable colloidal
particles followed by aggregation. For a typical coagulation process, a metal ion such as aluminium
sulphate, ferric chloride, ferric sulphate or polyaluminium sulphate (or chloride) is added to the
wastewater as a coagulant, which results in destabilization of the colloidal particles. However,
mineral salts of this form possess several disadvantages such as pH dependence for efficient
performance due to charge neutralization, large dosage requirements, ineffectiveness at low
temperatures, large sludge volume production, secondary pollution in the sludge disposal and
health concerns due to the amount of residual aluminium remaining in the water. To address these
limitations, metal salt coagulants have been combined with synthetic polymers for efficient
removal of suspended solids.}> However, it is known that residual synthetic polymers, such as
polyacrylate, polystyrene sulphonate, polyethylene oxide, and poly(diallyldimethyl) ammonium
chloride in water may cause neurological disorders in human.?® Therefore, the use of biopolymer
materials as flocculants have attracted greater attention as alternative materials for wastewater
treatment. Biopolymer flocculants are biodegradable, biocompatible and cost efficient, and have
reduced toxicity, and typically form larger and denser flocs with less sludge volume.* One such
polymer is chitosan, which is the second most abundant polysaccharide after cellulose, where it is
obtained from the deacetylation of chitin biopolymers. In the last two decades, chitosan has
attracted considerable attention as a bioflocculant due to its biodegradability and
biocompatibility>®, as well as its CF potential towards different contaminants in wastewater, such
as dissolved nutrient (phosphate, nitrate, etc.), bacterial suspension, colloidal suspension
(suspended solids), metal ions, dyes, milk processing plants and oily wastewater.”® Even though
chitosan has attracted a large interest in wastewater treatment, it has a lower molecular weight and
semi-crystalline structure that is generally insoluble in water at alkaline and neutral pH conditions.

This is due to its strong intermolecular and intramolecular hydrogen bonding, which limits its
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application in wastewater treatment at a wider pH range.® Therefore, it is necessary to modify the
structure and morphology of chitosan to improve its water solubility over a wide range of pH and
increase its level of functionalization. Chitosan has many free amine and hydroxyl groups along
its chain, which can be used to modify it through graft polymerization. During graft polymerization
of chitosan, synthetic functional polymers such polyacrylamide (PAM) or polyacrylic acid are
introduced as side chains to the backbone of the chitosan. Grafting of PAM onto chitosan leads to
the development of efficient flocculants with controlled biodegradation, shear ability, amorphous
structure and improved functional properties.'® Lu et al'!, have shown that grafting of PAM onto
chitosan significantly increased solubility due to the breaking of the semi-crystalline network
structure in chitosan by the grafting. However, graft modification of chitosan with PAM has
limitations such as lower charge density, poor thermal stability, lower hydrodynamic volume and
radius. Hence, quaternization of the Chi-g-PAM polymer flocculant with CTA to obtain a cationic
flocculant will improve these properties and enhance the flocculation efficiency of these polymer
flocculants. The presence of fine clay minerals such as kaolinite has been problematic for tailings
in several industries such as phosphate and oil sand processing industries.? Previous reports>
on the surface charge properties of kaolinite clay have shown that the surfaces (alumina face, silica
face, and edge face) are all negatively charged in both acidic and alkaline conditions. Therefore,
the introduction of positively charged materials such as a cationic polymer flocculant into kaolinite
dispersion will improve aggregation between these fine clay particles, resulting in the formation
of kaolinite clusters (flocs). Another major pollutant in wastewater is phosphorus, which is an
essential plant nutrient for growth and development, where it exists in aquatic systems as
orthophosphate, polyphosphate, phosphonate or organophosphate. However, excess phosphorous
in water bodies lead to eutrophication and excessive algae growth in lakes and rivers, which raises
concerns for aquatic life.*>1" At different pH conditions, phosphorus may exist as HsPO4 (pH < 2)
H.PO4 (pH 2.0 — 6.8), HPO4* (pH 6.8 —11) and PO+* (pH > 11). Hence, at pH > 2, all the species
are negatively charged and are expected to undergo electrostatic attractive interaction with cationic
flocculants.

This work is aimed at designing single-component CF materials for improved removal of
kaolinite colloidal dispersion and dissolved orthophosphate. Herein, a non-toxic quaternary
ammonium reagent, CTA was introduced onto Chi-g-PAM chains via quaternization process and

a series of strong cationic flocculants (CTA-Chi-g-PAM) were obtained. The functional and
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flocculation properties of these materials were investigated in the presence of a kaolinite clay
suspension and phosphate, where the effects of pH, flocculant dosage, and settling time were
tested. An evaluation of the flocculation kinetics (time dependent) and thermodynamic
(temperature dependent) properties of the flocculation process are discussed herein. The cationic
flocculants are anticipated to outperform other coagulant and flocculant materials reported in Table
7.1, in terms of dosage required for optimal removal, pH and temperature dependence for effective
performance, settling properties of flocs, flocs size and morphology, and total elimination of

mineral salts as coagulants.

Table 7.1: Comparison of the removal of phosphate in wastewater using different coagulant-
flocculant systems

Optimum . .
Water Flocculant dosage Optimum Efficiency Reference
Source pH (%)

(mg/L)

SW Fe(lll) + CMC-CTA 10, 3.0 6.5 96.4 This thesis**
SW Chitosan 20 6.2-7.0 78+0.1 This thesis*
SW Chitosan + Alum 49 58-7.0 88+0.8 This thesis*
Struvite Chitosan and Alginate 10, 20 N/A 80 Latifian et al.*8
MW Chitosan 60 9.5 89 Dunets and Zheng?®
SW Chitosan + PAC 67.9; 20.05 7.5 99.4 Lietal.®
SW Zr**-chitosan 50 4 60.6 Liu and Zhang#
AW HMW Chitosan 12 7.2 99.1 Chung et al.?
MW Chitosan 10 7 98 Turunen et al.?®
SW CMC-CTA 5 6.5 70.5 This thesis**
SW CMC 8 6.5 29.8 This thesis**

SW: Synthetic wastewater; MW: Municipal wastewater; AW: Agricultural wastewater.
This thesis* (Results from Chapter 3) and This thesis** (Results from Chapter 5).

7.2 Materials and methods
7.2.1 Materials and Chemicals

All chemicals were of analytical reagent (AR) grade. Anhydrous monobasic potassium
phosphate (KH2PO4), NaOH (aqg), HCI (aqg), vanadate molybdate reagent, chitosan (medium
molecular weight, 85% deacetylation), ethyl alcohol, isopropanol, 3-chloro-2-hydroxypropyl
trimethylammonium chloride (CTA), acrylamide, potassium persulfate, acetone and spectroscopic
grade potassium bromide (KBr) were purchased from Sigma-Aldrich, Oakville, Ontario, Canada.

All materials were used as received unless specified otherwise.
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Scheme 7.1: Synthetic routes of chitosan-grafted-polyacrylamide (Chi-g-PAM) and 3-chloro-2-
hydroxypropyl trimethylammonium chloride (CTA) quaternized onto Chi-g-PAM to form cationic
flocculant (CTA-Chi-g-PAM).

7.2.2 Preparation of CMC and CMC-CTA

The method for the synthesis of CMC and CTA was adopted from a previous report'!, where it
was slightly modified for this study. Briefly, about 1.0 g of chitosan was dissolved in a 1% (v/v)
acetic acid aqueous solution (50 mL) via agitation. After 30 min of stirring under N2, 5 mL
potassium persulfate solution (0.28 wt%) initiator and an acrylamide monomer (5 g) were added
to the solution with continuous stirring at 23 °C. The polymerization was stopped after 3 h, and
the grafted chitosan-g-PAM copolymer was precipitated in acetone. The product was purified four
times by repeated dissolving-precipitating treatment, and then further purified by Soxhlet
extraction over 72 h using acetone as solvent. The Chi-g-PAM was dried in a vacuum oven at 50
°C for 48 h to a constant weight. The grafting ratio (G) was calculated using equation (7.1), where
w1 and w» are the weights of the original and grafted samples, respectively.
(W, —w)

Wl

G= *100% (7.1)

In the synthesis of the quaternized flocculant, a desired amount of Chi-g-PAM was added into
isopropanol and a 10 wt % NaOH blending aqueous solution. The mixture was heated at 45 °C in

an oil bath under continuous stirring (75 rpm) and alkalized for 1 h until the solution became a
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thick liquid. A required amount of aqueous CTA was added into the mixture and the reaction was
kept at 60 °C for 10 h under agitation. The solid product was filtered and rinsed in 90% ethanol
for removal of salt and water, then by Soxhlet extraction using acetone as a solvent for 48 h for
further treatment and was then dried at room temperature. The amount of chitosan-g-PAM was
kept constant, while varying the amount of CTA for each synthesis trial, in order to prepare a series
of CTA-Chi-g-PAM flocculant samples with various degrees of substitution (DS) of CTA. The
mass ratios of Chi-g-PAM to CTA were 2:1, 2:2, 2:3, 2:4 and 2:5, and are denoted as CTA-Chi-g-
PAM-1, CTA-Chi-g-PAM-2, CTA-Chi-g-PAM-3, CTA-Chi-g-PAM-4, CTA-Chi-g-PAM-5,
respectively. Scheme 7.1 represents the synthetic routes for Chi-g-PAM and CTA-Chi-g-PAM.

7.2.3 Flocculant characterization
7.2.3.1 Degree of substitution of CTA-Chi-g-PAM

The degree of substitution (DS) of the quaternized copolymer flocculant was evaluated using
both potentiometric and spectroscopic *H-NMR measurements. The DS was determined by
conductivity titration apparatus with aqueous AgNOs, in which a silver and calomel electrodes
were used as the measurement and reference electrodes, respectively. The degree of quaternization
was determined by titrating the chloride ion in the CTA with aqueous AgNO3z and the DS was

calculated according to equation (7.2).%¢

DS = vre L 100% (7.2)
V_C+(m—v-c-420) DD
162

Here, ¢ (mol/L) and V (L) are the molar concentration and volume of the AgNO3 solution at the
equivalence point, m (g) is the mass of the quaternized flocculant. Values of 421 and 162 represent
the molar mass (g/mol) of the repeated units of the quaternized copolymer flocculant and
glucosamine units in chitosan, respectively. DD is the degree of deacetylation of chitosan, which
was 85% in this study.

The degree of substitution of the quaternized flocculants was also calculated using the *H-NMR
in Figure A9.7 (in Appendix A). Using the signals at 4.66 ppm (H1) and 4.16 ppm (H2’) from the
CTA-Chi-g-PAM spectra, the values of DS were calculated using equation (7.3), where Ax. and
Any are the NMR peak areas corresponding to protons of H2” and H1, respectively.
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DS = M'100% (7.3)
1

7.2.3.2 FT-IR spectroscopy
IR spectra of the materials were obtained using a Bio-RAD FTS-40 spectrophotometer.
Powdered samples were mixed with pure spectroscopic grade KBr in a 1:7 (sample: KBr) weight
ratio followed by grinding in a small mortar and pestle. The diffuse reflectance infrared Fourier
transform (DRIFT) spectra were obtained in reflectance mode at 25 °C with a resolution of 4 cm™
over the 400-4000 cm™ spectral range. Multiple scans were recorded and then background

corrected relative to pure KBr.

7.2.3.3 NMR Spectroscopy

The 'H NMR spectra were recorded using a wide-bore (89 mm) 11.7 T Oxford superconducting
magnet system (Bruker Bio Spin Corp; Billerica, MA, United States) equipped with a5 mm PaTx1
probe. NMR acquisition parameters were controlled using a SSSC 500 console and workstation
running X WIN-NMR 3.5. Standard pulse programs utilized were available from the TopSpin 1.3
software. In here, D,O was used as the solvent. The *C-NMR spectra were obtained using a Bruker
AVANCE Il HD spectrometer operating at 125.77 MHz (*H frequency at 500.23 MHz) with a 4
mm DOTY CP-MAS probe. The *C CP/TOSS (Cross Polarization with Total Suppression of
Spinning Sidebands) spectra were obtained with a spinning speed of 6 kHz with a *H 90° pulse of
3.5 ps, 1.0 ms contact time, and a ramp pulse on the *H channel. Acquisition of spectra utilized
multiple scans (1024 - 2048) with a recycle delay of 2.0 s. All spectra were recorded using a 71

kHz SPINAL-64 decoupling sequence, where chemical shifts (3) were referenced to adamantane
(6=38.48 ppm).

7.2.3.4 Thermogravimetric analysis (TGA)

Thermogram profiles were obtained using a Q50 (TA instruments) with a heating rate of 5
°C-mint to a maximum temperature of 500 °C, where nitrogen was the carrier gas. The thermal
stability of the materials was shown using first derivative plots (DTG) of weight with temperature
(%/°C) against temperature (°C) and weight (wt%) loss against temperature.

191



7.2.3.5 pH at the point of zero charge (pHpz)

The determination of the pH at the point-of-zero-charge (pHpzc) of the flocculant was adapted
from the procedure reported by Singh et al.®” After the preparation of the NaCl solution (0.01 M),
25 ml portions were added to six separate 125 ml Erlenmeyer flasks. The pH of the solutions was
then adjusted between 2 and 12 with aqueous NaOH or HCI. Approximately 100 mg of the sample
was added to each solution and it was allowed to equilibrate for 48 h where the final pH was
measured. The difference between the final and initial pHs (ApH) was plotted as a function of the
initial pH, where the pHpzc was determined as the point of intersection between ApH and the initial
pH.

7.2.3.6 SEM imaging

Scanning electron microscopy (SEM; Model SU8000, HI-0867-0003) was used to study the
surface morphology of chitosan, chi-g-PAM and CTA-Chi-g-PAM flocculant materials. Images
of gold-coated samples were collected under the following instrument conditions; accelerating
voltage-10 kV, 9 mm working distance (WD), magnification-2000x and a sample spot size-50 at

room temperature.

7.2.3.7 X-ray Diffraction (pXRD)

The X-ray diffraction patterns of chitosan, chi-g-PAM and CTA-Chi-g-PAM flocculant
materials were obtained using a PANalytical Empyrean powder X-ray diffractometer. A
monochromatic Co—Kal radiation was used in which the current and the applied voltage were set
to 45 mA and 40 kV, respectively. The samples were mounted in a horizontal configuration after
evaporation of methanol films. The pXRD patterns were measured in continuous mode over a 20

range, where 20 = 1-70° with a scan rate of 3.2° min .

7.2.3.8 Zeta potential

The zeta potential ({) of the polymer flocculant materials was determined using a Zetasizer
Nano-ZS90 instrument (Malvern Instruments, Westborough, MA, USA) by measuring the
electrophoretic mobility (Ug) of the polymer solution (0.05% wi/w, at pH 7.0), and utilizing
Henry’s equation (7.4) to calculate the zeta potential:%®

_ 2¢-(- f(ka)

)
E 3

(7.4)
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Here, ¢ (Farad/m) is the permittivity, f(ka) is a function related to the ratio of particle radius (a,
nm) and the Debye length (k, nm ), and nj (mPa-s) is the dispersion viscosity. The Smoluchowski
approximation f (ko) equaled to 1.5, as folded capillary cells were used with point scatters larger
than 200 nm in a dispersant with electrolyte concentrations of > 1 mmol/L.%

7.2.4 Floc size distribution and properties analysis

At the end of the coagulation-flocculation process, samples of the flocs were taken for floc size
distribution measurement. The particle size distribution and floc size of kaolinite particles and
flocs were measured by a laser particle size analyzer, MasterSizer 2000 (Malvern Instruments)
equipped with a wet dispersion cell of the Mastersizer 2000 (Hydro 20005M) at a wavelength of
633 nm. Chemical properties of the flocs were evaluated using FT-IR and their surface charge was
determined via zeta potential measurement using Melvin Zetasizer at varying pH. In addition, the

surface morphology of the flocs was studied by SEM, under the same condition discussed earlier.

7.2.5 Coagulation-flocculation process

Standard stock solutions of orthophosphate (5000 mg/L), Chi-g-PAM (2000 mg/L) and CTA-
Chi-g-PAM (2000 mg/L) were prepared by dissolving the solutes in doubly deionized Millipore
water and further diluted to the desired concentrations. The CF process was carried out by an
adapted procedure reported in Section 3.2.2 (Chapter 3). Approximately 1 L of an aqueous solution
containing Pi was added to the jar tester, and 5.0 ml of the P; solution was sampled for analysis. A
pre-determined volume of kaolinite dispersion was added to each jar solution to simulate colloidal
particles in the P;j solution. The kaolinite dosage was maintained at 400 mg/L throughout and the
pH of the turbid P; solutions was adjusted by using 0.1 M NaOH or HCI, if necessary. A pre-
determined amount of the flocculant (Chi-g-PAM and CTA-Chi-g-PAM) was added to the
solution, followed by rapid stirring for 3 min and slow mixing for 20 min at 295 rpm and 25 rpm,
respectively, without the addition of any metal coagulant. The stirring was stopped, and the flocs
were allowed to undergo sedimentation. Once the flocs have settled, a 10.0 ml solution aliquot was
sampled from the top layer and the transmittance (%T) was measured (A= 800 nm). In addition, a
15 ml solution aliquot was sampled and centrifuged when necessary for 60 min, and then prepared
for UV-Vis analysis to estimate P; levels in the treated samples. Pi concentration before and after
the flocculation process was evaluated using colorimetric determination with vanadate molybdate

as a complexing agent to form a colored complex solution with P;. With the aid of a calibration
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curve, the Pi concentration was measured with a double beam UV-Vis spectrophotometer where
the absorbance was measured at Amax = 420 nm. The Ti removal (%), Pi removal (%) and removal
capacity (mg-g™) were calculated by equations (7.5 - 7.7), respectively. Measurements were
performed in triplicate and reported as the average value along with the standard deviation.

T.-T,

%TUrb, 0w = -100% (7.5)

% I:)i removal CO _Ce 100% (76)
c,—¢C.)-V

g = Q=Y (1.7)

m
Here, To and T. are the transmittance (%T) of the turbid water before and after the flocculation
process. Co and ce are the initial and equilibrium concentrations of P; in the solution (mg/L), V is

the volume (L) of the solution and m (g) is the mass of the adsorbent (flocculant).

7.3 Results and Discussion
7.3.1 Characterization of flocculants
7.3.1.1 Degree of substitution

The degree of substitution (DS) of CTA onto the copolymer flocculant has a significant impact
on their physical and chemical properties as well as their reactivity. Higher DS of CTA is expected
to increase the solubility of the cationic quaternized flocculants over a wide range of pH. The DS
of such cationic flocculants relates to the average number of substituted -NH> and/or —OH groups
per glucosamine unit in the structure of chitosan. As expected, the DS increased with an increasing
CTA weight ratio in the cationic polymer, as reported in Table 7.2. This indicates that as the CTA
weight ratio increased, more quaternary ammonium ion groups are introduced to the grafted
copolymer, making them more cationic and subsequently enhancing their solubility in water at a
wider pH range, which positively affects the flocculation efficiency. The results obtained herein

are comparable to previous reports.?42°

194



Table 7.2: Degree of substitution (DS) and solubility of cationic chitosan-based flocculants

Solubility in water at different pH values

Sample (DS; %)

2 3 4 5 6 7 8 9 10 11 12
Chitosan S S § § S8 N N N N N N
Chi-g-PAM 67.3* s § § § S S § S SS S8 SS
CTA-Chi-g-PAM-1 39.0 s §§ § s S § S S S SS
CTA-Chi-g-PAM-2 47.9 s s § § § s § § S S SS
CTA-Chi-g-PAM-3 56.4 s s § § s s § § S S S
CTA-Chi-g-PAM-4 66.5 s s § § s s § S S S S
CTA-Chi-g-PAM-5 76.0 S §$ § § § § S S § S S

S = soluble; SS = sparingly soluble; NS = insoluble. * = % grafting of PAM onto chitosan

7.3.1.2 'H- and ¥*C-NMR spectroscopy

Evidence of the modification of the native chitosan was confirmed by signatures in the *H-
NMR spectra in Figure 7.1a. The *H-NMR spectra of the acrylamide monomer (PAM), chitosan,
Chi-g-PAM and CTA-Chi-g-PAM are shown for comparison. The spectrum for PAM shows
characteristic spectral lines of characteristic groups at 6.09 ppm (=CH-N) and 5.69-5.72 ppm
(=CHp>). The chitosan spectrum reveals characteristic signatures (ppm) at 4.45 (H1), 3.57-3.77 (H4-
H6), 3.01 (H2) and 3.44 (H3). By comparison, the spectrum of Chi-g-PAM, strong resonance lines
at 1.55 ppm and 2.11 ppm that represent —CH»- and —CH- groups, which are characteristic of
polyacrylamide?*?, supporting that PAM was grafted onto the chitosan backbone. In the case of
the quaternized cationic flocculants, the resonance line at 3.13 ppm, depicting methyl ((CHz)s*N-
)) groups in the quaternary ammonium ion, identified the presence of CTA. Also, additional
spectral lines (ppm) at 2.43, 4.21 and 3.32 represent several CTA groups ( H10, H11 and H12).1%:%4
This supports the introduction of the CTA onto the grafted copolymer to make it cationic.
According to Figure A9.7 (cf. Appendix A), the intensity of the peak at 3.13 ppm increased as the
weight ratio of the CTA in the quaternized flocculant increased, indicating a significant increase
in the DS of the flocculant materials from CTA-Chi-g-PAM-1 to CTA-Chi-g-PAM-5.

The solid state 3C-NMR spectra of PAM, chitosan, Chi-g-PAM and CTA-Chi-g-PAM are
presented in Figure 7.1b. The spectrum of PAM shows signature peaks at 169 ppm, 130 ppm and
128 ppm for C=0, -CH= and —CH- nuclei in the acrylamide structure. Chitosan showed
characteristic peaks (ppm) at 104.8, 57.3, 74.7 and 83.1, which are assigned to C1, C2 and C6, C3
and C5 and C4, respectively. Also, as a result of the incomplete deacetylation of the chitosan, it

showed peaks at 24.1 ppm and 179 ppm, which are assigned to methyl-C and -C=0 of the
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acetamido groups in the chitosan. In the spectrum of the grafted chitosan (Chi-g-PAM), the
presence of -CONH; group in the grafted flocculant is evident due to the strong and intense *C
line (C=0) at 173.9 ppm.2’?8 In the spectrum of the cationic flocculant, the presence of CTA on
the grafted copolymer is confirmed by the strong signature at 54.8 ppm, which is ascribed to the
-CHs moieties of the quaternary ammonium ion group.'?"2® The presence of the methyl carbon
shows a successful synthesis of the cationic flocculants. According to Figure A9.8, the intensity
of the *C nuclei at 54.8 ppm increased from CTA-Chi-g-PAM-1 to CTA-Chi-g-PAM-5, indicating

that the cationic content in the flocculant increases as the DS of CTA increases.

7.3.1.3 FT-IR spectroscopy

FT-IR spectral studies on the flocculant materials were conducted to provide complementary
support of chemical modification of the native chitosan. The IR spectra of PAM, chitosan, Chi-g-
PAM and CTA-Chi-g-PAM are depicted in Figure 7.1c. The spectrum of chitosan showed O-H
and C-H vibration stretching at 3452 cm™ and 2868 cm™?, respectively, in agreement with related
reports.2®3% The IR wavenumbers (in cm™) at 1656, 3452 and 1320 are the characteristic absorption
bands of the amine groups of chitosan. In addition, other bands (in cm™) at 1589, 1034, 1050 and
1150 represent N-H bending, C6-OH, C3-OH stretching and C-O-C bonds stretching, respectively.
Comparing the spectra between chitosan and Chi-g-PAM, there is a sharp absorption band at 1666
cm™ and a small peak at 1603 cm™, which signifies C=0 and N-H stretching in the amide of the
PAM. The new peak at 1449 cm™ shows C-N stretching in the amide, whereas the peak at 1410
cm™ shows —COO-" stretching.?” These IR bands are signatures of the PAM, which support the
grafting of the PAM onto chitosan. The presence of the cationic CTA group on the Chi-g-PAM
was confirmed by the peak at 1473 cm™, which relates to the methyl groups in the quaternary
ammonium ion of CTA.2%3! According to Figure A9.9, which represents the IR spectra of the
CTA-Chi-g-PAM flocculants with different DS for CTA, it shows identical spectra with the
absorption band at 1473 cm™ increasing in intensity as the DS increases for CTA. An interesting
insight observed in Figure 7.1c and Figure A9.9 is that the N-H stretching band at 1589 cm
disappeared in the spectra of the cationic flocculants and the C6-OH peak shifted from 1034 cm™
to 1024 cm, which shows that quaternization of Chi-g-PAM with the CTA group mostly took
place at C6. This depicts that the intermolecular and intramolecular hydrogen bonds were broken

in the preparation of the quaternized chitosan-based flocculants.

196



(a) | k) .
. ‘ \ “‘y\ \\ r i s/
CTAChigPAM | | n M/ o~y L{MM

Chi-g-PAM

Chi

PAM AUJJ U B ¥

(C)’\/\/

——— CTA-Chi-g-PAM-1
——— Chi-g-PAM

—— Chi

PAM

OH
o)
11 n
NHCH,CHCH,N*(CH3)sCI
10 | 12 14
OH

T T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 7.1:(a) *H-NMR, (b) *C-NMR and (c) FT-IR spectra of acrylamide monomer (PAM),
chitosan (Chi), grafted copolymer (Chi-g-PAM) and cationic quaternized flocculant (CTA-Chi-g-
PAM). (d) Chemical structure of CTA-Chi-g-PAM.

7.3.14 TGA

Structural composition and thermal stability of related materials such as cross-linked and
grafted polymers have been investigated using TGA.32-34 Information such as weight loss profiles
due to thermal decomposition, as well as estimation of polymer composition relating to the
presence of resolved thermal events, can be inferred from TGA profiles. In this report, the TGA
results are presented as the first derivative weight with temperature (DTA) (Figure 7.2a) and the
weight loss (Figure 7.2b) as a function of temperature for various systems: PAM, chitosan, Chi-g-
PAM and CTA-Chi-g-PAM flocculant materials. The TGA profiles of the other cationic
flocculants with different DS of CTA are shown in Figure A9.11. According to the results
presented herein, PAM has three thermal events with a weight loss profile across a range from 22
°C to 500 °C. The first thermal event occurred between 22-152 °C with a solvent desorption process
at 139 °C due to loss of water bound molecules. The second and third weight loss event occurred

at 254 °C and 343 °C, respectively, due to the loss of imide groups. At this temperature, one
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ammonia molecule is liberated for every two amide groups, leading to the formation of imide.
Subsequently, the thermal degradation of the imides occurs at these stages (254 °C and 343 °C),%%
Chitosan showed two thermal events. In the first thermal event, weight loss occurred at a
temperature below 100 °C, and it is due to the loss of moisture and other volatile constituents, with
maximum weight loss occurring at 57 °C. As reported in Section 5.3.1.4 in Chapter 5, the second
weight loss occurred at 296 °C, which is assigned to the decomposition of the chitosan structure,
which relates to the breakdown of the glucosamine units of the biopolymer. The grafted copolymer
and quaternized flocculants showed three thermal events, which differ from chitosan, according to
Figure 7.2a. Chi-g-PAM has thermal decompositions at 52 °C, 285 °C and 386 °C, while that of
CTA-Chi-g-PAM appeared at 66 °C, 268 °C and 397 °C. The decomposition at 285 °C (for Chi-g-
PAM) and 268 °C (for CTA-Chi-g-PAM) is due to the degradation of the glucosamine units in the
chitosan backbone. The values are less than that of chitosan since, during the grafting modification,
part of the —C-C- linkage between the amine and the hydroxyl groups between biopolymer units
of chitosan became interrupted due to steric effects, thereby attenuating the intramolecular and
intermolecular hydrogen bonding.®® Also, the decomposition temperature of the glucosamine
units in the cationic flocculant was less than that in the grafted copolymer because it shows the
presence of amine groups, which may lower the thermal stability of the CTA-Chi-g-PAM. This
effect is in accordance with the reduced bond strength of heteroatom-C bonds vs C-C or C-H bonds
and the role of chloride ion as an oxidizing agent during the thermal decomposition profile, as
discussed in Section 5.3.1.4 in Chapter 5. The thermal events at 386 °C and 397 °C are due to the
decomposition of the PAM grafted chains. However, in the case of the CTA-Chi-g-PAM
flocculants, the decomposition temperature was higher because of the presence of the cationic

quaternary ammonium group.
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Figure 7.2: TGA profile of PAM, Chi, Chi-g-PAM, CTA-Chi-g-PAM: (a) First derivative of
weight loss with temperature against temperature, and (b) weight loss with temperature. Zeta
potential and point-of-zero-charge (d) of the polymer flocculant. The inset in (b) represents the
TGA of Chi-g-PAM and CTA-Chi-g-PAM.

7.3.1.5 Zeta potential ({-potential) and point-of-zero-charge (pHpz)

Kaolinite colloidal particles have a negative surface charge due to electrical double layer
effects, which causes enhanced stability of a colloidal dispersion.*®** Hence, the surface charge
properties of the flocculant materials will significantly alter their flocculation properties. Figure
7.2¢ shows the zeta potential of the various flocculants at ambient pH (7). According to Figure
7.2¢, chitosan and Chi-g-PAM had relatively (-potential values of +7.3 mV and +7.6 mV,
respectively. The positive (-potential of chitosan is due to the protonation of the amine group near
or at pH values below the pKj of chitosan, where the pKa value (~6.2) depending on the source of
the material.*® An interesting insight is that the non-ionic nature of PAM did not alter the surface
charge of the chitosan, as confirmed in the zeta potential measurements, in agreement with a

previous report.?® The incorporation of CTA cationic groups onto the copolymer was evident by
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the increased positive (-potential of the CTA-Chi-g-PAM flocculants. As expected, increasing the
DS of CTA in the polymer flocculant significantly increased the (-potential of the polymer
solutions.**#! For instance, CTA-Chi-g-PAM-1 and CTA-Chi-g-PAM-5, which respectively had
the low and high CTA DS, had {-potential values of +12.1 mV and +39.5 mV. Addition of CTA
to the Chi-g-PAM polymer enhanced the positive surface charge of the flocculant, which is
essential for effective flocculation of anionic species such as phosphate, sulphate, nitrate and
arsenate. A complementary result to the zeta potential is the point-of-zero-charge, which represents
the pH value at which the net charge of a material is zero. It gives insights on electrostatic
interaction of a material surface with charged species, as discussed in Section 2.2.3 in Chapter 2.
At pH < pHpz, Where the pH is greater than the pKa of the material, adsorption of negatively
charged species occurs due to protonation of the surface of the sorbent material. However, at pH
> pHpzc, adsorption of positive charged species such as metal ions occur owing to deprotonation
of the sorbent surface. The pHpzc results are in good agreement with that of the zeta potential.
According to Figure 7.2d, the pHpzc of chitosan and Chi-g-PAM are 6.39 and 6.34, respectively,
indicating that the non-ionic PAM did not have any impact on the surface charge of the grafted
copolymer. The isoelectronic point (IEP), where pH = zero, for the cationic flocculant ranges from
6.45 to 8.21, as depicted in Figure A9.10 (Appendix A), which shows that the pHpzc of these
materials are from acidic to alkaline region. The results suggest that the cationic flocculants will
be protonated in both acidic and near-alkaline medium, which will enhance their solubility in water
over awide pH range and consequently improve flocculation of the colloidal and dissolved anionic

contaminants since repulsive Coulombic effects will be minimized at this pH range.

7.3.1.6 pXRD

pXRD patterns of the various synthesized flocculant materials were investigated to evaluate
their structural or relative crystallinity, as compared to the pristine biopolymer material (chitosan).
Figure 7.3a illustrates the X-ray diffraction profiles of chitosan, Chi-g-PAM and different cationic
quaternized flocculants (CTA-Chi-g-PAM). The pXRD patterns of chitosan showed one intense
characteristic peak at 26-value of 20° and two minor peaks at 10° and 35°. The two minor peaks
are due to the strong hydrogen bonding of chitosan, suggesting the semi-crystalline nature of
chitosan molecules and its poor solubility in water.*> They also represent hydrated crystals of low
crystallinity and correspond to form I. The reflection at 26 of 20 © is identified as a representative
of the equivalent of form 11434 The grafting of chitosan with PAM results in a more disordered

200



structure, as evidenced by a single, less intense and broad peak that is observed at 20° in the pXRD
pattern of the Chi-g-PAM. This behavior suggests that the grafted copolymer possessed more
amorphous character, as compared with chitosan. Also, the disappearance of the two minor peaks
at 10° and 35° indicates the breaking of hydrogen bonds in the grafted flocculant, leading to a more
disordered amorphous structure.?’#445 Considering the pXRD patterns of the cationic flocculants,
the signal at 20 value at 20° becomes broader and disappears as the cationic (CTA) content
increases. This is evidenced by the results for CTA-Chi-g-PAM-5 that has the most amount of
CTA, where there is no pXRD signature at 20 = 20°. This shows that the quaternization of the
grafted flocculant remarkably changed the morphology of the polymer from crystalline to
amorphous on account of the decreased number of free hydroxyl and amine groups compared to
the native chitosan, resulting in a reduction in intra- and inter-molecular hydrogen bonding
between the molecules. Functionalization of chitosan with CTA resulted in a reduction of the well-
ordered directional interactions between biopolymer chains of chitosan. In turn, this results in a
reduction of its relative crystallinity, for a reason stated previously, and subsequently increased its

solubility in water, which further enhanced its flocculation ability.*

7.3.1.7 SEM

To understand further the morphology and porous nature of the grafted biopolymer flocculant
materials, SEM micrographs of the samples were obtained. Figure 7.3b displays SEM images of
PAM, Chitosan, Chi-g-PAM and CTA-Chi-g-PAM. The SEM images of the acrylamide monomer
(Figure 7.3b(i)) have rough, fibrous and network-like morphology.“® Differences can be observed
among the flocculant materials. Graft polymerization and cationic quaternization of the chitosan
resulted in modified surface morphology, porosity as well as physical and chemical properties of
the chitosan, as shown in Figure 7.3(b). It is obvious that chitosan had a relatively flat and smooth
surface without any pore-like structures, which is in agreement with the highly ordered nature of
chitosan, according to the results related to its relative crystallinity from pXRD studies.*’#8
Grafting of PAM onto chitosan changed its conformation and the morphology. According to
Figure 7.3b (iii), the SEM micrograph of Chi-g-PAM has a rough surface and loose structures with
micropores. The micrograph also shows that there is an absence of phase separation between
chitosan and PAM. The introduction of PAM grafts onto chitosan led to the disruption of the semi-
crystalline structure since the intra- and inter-molecular hydrogen bonding interactions were

reduced. SEM images of the CTA quaternized flocculant had a rough, irregular, loosened and
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porous network surface morphology. According to an independent study, the introduction of the
cationic groups to the grafted copolymer backbone weakened and destroyed the original relatively
ordered crystals of the chitosan.*’% According to the SEM images in Figures A9.12 and A9.13 in
Appendix A for the cationic quaternized flocculants, CTA-Chi-g-PAM-5 exhibited the most
porous, rough and network-like structure, which is attributed to the greater DS of CTA in the
polymer flocculant. The porous morphology of these flocculants is anticipated to be beneficial for
the flocculation process since more pores are efficient for adsorbing and flocculating contaminants

in wastewater.
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Figure 7.3: (a) pXRD patterns and (b) SEM micrograph of the polymer flocculants, where (i)
PAM, (ii) Chi, (iii) Chi-g-PAM and (iv) CTA-Chi-g-PAM.

7.3.1.8 Solubility in water

Water solubility is one of the most important characteristics of an efficient flocculant in
wastewater treatment.>® Even though chitosan has been used as coagulant aid and/or flocculant, its
poor solubility in water at pH > 6.2 limits its applicability over a wide range of pH.*! Hence,
flocculant solubility in both acidic and alkaline media is favorable to a wide range of applications.
Table 7.2 reports the aqueous solubility of chitosan, Chi-g-PAM and CTA-Chi-g-PAM over a wide
range of pH. As expected, chitosan is soluble in acidic region (pH < 6) but insoluble at alkaline
conditions. Grafting of PAM onto the chitosan backbone increased its solubility up to pH 9 and
showed evidence of partial solubility at pH > 9. As discussed in the pXRD results, the increased
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solubility in the grafted copolymer is attributed to the destruction of the highly ordered crystalline
structure in the chitosan and due to the breaking of inter- and intra-molecular hydrogen bonds that
maintain a noncovalent network of chitosan.>® Compared with chitosan and Chi-g-PAM, the
cationic flocculants showed remarkably improved aqueous solubility over a wide pH range. The
excellent solubility of the CTA-Chi-g-PAM flocculants could be owing to the ionic nature of the
cationic quaternary ammonium ion group in the CTA, leading to more favorable ion-dipole
interactions. Also, the polymer-polymer interactions were lessened, and the polymer-solvent
interactions were enhanced due to the inhibition of hydrogen bonding interactions due to
functionalization of CTA onto Chi-g-PAM. The solubility of the quaternized flocculants increased
with increasing DS of the CTA. For instance, CTA-Chi-g-PAM-5 was completely soluble in water
in both acidic and basic media; however, CTA-Chi-g-PAM-1 with the lowest CTA DS was soluble
up to pH 10 but sparingly soluble beyond that pH condition.
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Figure 7.4: Effects of settling time on the removal turbidity with (a) Chi-g-PAM and (b) CTA-
Chi-g-PAM-4. Effects of flocculant dosage on (a) turbidity removal and (b) zeta potential.
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7.3.2 Coagulation-flocculation
7.3.2.1 Effect of settling time

Naturally, colloidal particles are poorly sedimented by conventional gravitational settling and
may take a long period for this to occur, if not impossible, due to the stable nature of colloidal
suspension owing to electrostatic repulsions relating to the electric double layer, as discussed in
Section 2.2.2 (Chapter 2). Addition of coagulants to the colloidal dispersion causes destabilization
of the colloidal particles and further addition of flocculant leads to aggregation of the destabilized
particles to form macroflocs, which improves their settling ability over a short period.>? Figure 7.4
(a & b) shows the effect of settling time on turbidity removal efficiency of the simulated kaolinite
colloidal suspension using Chi-g-PAM and the CTA-Chi-g-PAM-4 flocculants, whereas the other
flocculants are reported in Figure A9.14 in Appendix A. In here, there was no addition of metal
ion coagulants. The quaternary ammonium ion group in the CTA acted as a coagulant to destabilize
the colloidal system through the breaking of the electric double layer, which reduced the
electrostatic repulsion between the colloidal particles, then led to electrostatic charge
neutralization. Thereafter, the polymer component of the flocculants brought about aggregation of
the destabilized colloidal particles. This resulted in the formation of larger, denser and compact
flocs with great settling ability. According to Figure 7.4a, the Ti removal efficiency increased
steadily with greater settling time up to 90 min, especially at a low flocculant dosage (0.1 mg/L).
As the flocculant dosage increased, settling time did not have any significant influence on the
removal efficiency. For instance, for Chi-g-PAM, the Ti removal after 5 min and 90 min of settling
are 87.8% and 88.6%, respectively, at a dosage of 0.75 mg/L. Similarly, Ti removal after the same
settling time for CTA-Chi-g-PAM-1 and CTA-Chi-g-PAM-4 are 91.0% and 92.0% as well as
94.7% and 96.8% at respective dosage values of 0.5 mg/L and 0.3 mg/L. At the low flocculant
dosage, there are insufficient cationic sites on the polymer flocculants to destabilize the suspended
colloidal particles; hence, aggregation of the particles occurs over time during the flocculation
stage via polymer bridging. However, sufficient levels of flocculant result in adequate cationic
quaternary ammonium groups to destroy the stability of the colloidal particles via electrical double
layer depression and charge neutralization in relation to orthokinetic flocculation process. Thus,
the particles are able to aggregate over a short period and settle rapidly. In addition, for all the
flocculants, at high dosage, the T; removal increased steadily with greater settling time. This could

be due to the presence of excess flocculants at high dosage, which causes restabilization of the
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flocs due to charge reversal effects. These results show that when adequate flocculant dosage is
used, settling time can be as fast as 5 min, which is beneficial for wastewater treatment. The faster
settling ability of the flocs at sufficient flocculant dosage could be due to the formation of
aggregates with adequate size, which was able to settle rapidly with no challenges. The larger and
denser flocs obtained at these dosages were attributed to the adsorption of higher molecular weight
cationic chitosan-based flocculant onto the microflocs obtained from the destabilization of the

colloidal particles that promote rapid rates of settling.>
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Scheme 7.2: Illustration of the coagulation of negatively charged species (kaolinite or phosphate)
with cationic flocculants via charge neutralization at different flocculant dosage.

7.3.2.2 Effect of flocculant dosage
7.3.2.2.1 Turbidity removal

One of the known major parameters that influence flocculation is the flocculant dosage, as
discussed in Section 2.6.2 (Chapter 2). Hence, the effects of Chi-g-PAM and CTA-Chi-g-PAM
flocculant dosages on the removal efficiency of Ti and P; were investigated. Figure 7.4c represents
Ti removal efficiency as a function of flocculant dosage at pH 6.5 for all the flocculants studied
herein. Figure 7.4d also shows the zeta potential of the supernatant collected as a function of the
flocculant dosage. All the flocculants followed a general trend, where there is a rise in the removal
efficiency with increasing flocculant dosage until it reached an optimal value and then decreased

upon further addition of the flocculant. This shows that the amount of the flocculant employed can
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have a remarkable impact on the outcome of the flocculation process. At initial flocculant dosage
of 0.1 mg/L, the removal efficiency (%) were 40.4, 70.1, 86.1, 87.5, 89.1 and 96.8 for Chi-g-PAM,
CTA-Chi-g-PAM-1, CTA-Chi-g-PAM-2, CTA-Chi-g-PAM-3, CTA-Chi-g-PAM-4 and CTA-
Chi-g-PAM-5, respectively. This suggests that the introduction of CTA on the grafted copolymer
to form cationic flocculants led to the improved separation of the liquid-solid colloidal system.
Increased CTA DS in the flocculant resulted in the greatest removal efficiency at an initial dosage
of 0.1 mg/L. Optimal dosages (in mg/L) with the corresponding removal efficiency in parenthesis
are 0.75 (72.7%), 0.5 (81.3). 0.4 (92.7), 0.3 (94.9), 0.3 (98.2) and 0.2 (98.6) for Chi-g-PAM, CTA-
Chi-g-PAM-1, CTA-Chi-g-PAM-2, CTA-Chi-g-PAM-3, CTA-Chi-g-PAM-4 and CTA-Chi-g-
PAM-5, respectively. From Figure 7.4c, the optimum dosage required for the non-ionic flocculant
(Chi-g-PAM) is relatively high. However, for the cationic flocculants, the required optimum
dosage decreased as the CTA DS increased. This phenomenon occurs because the cationic
quaternary ammonium group destroys the electrical double layer of the colloidal particles, which
causes them to be destabilized via coagulation and form microflocs. The polymer flocculant
components then aided aggregation of the microflocs through polymer bridging and adsorption,
resulting in the formation of denser and more compact flocs. According to Figure 7.4d, the C-
potential of the supernatant increased with the flocculant dosage. However, at the initial dosage
(0.1 mg/L), the -potential was negative except for CTA-Chi-g-PAM-5, which was near zero due
to its high DS of CTA. At the optimal dosage, the (-potential was near zero for all the flocculants;
however, it became positive beyond the optimal dosage. This confirms that the flocculation process
occurs via charge neutralization, where the cationic groups on the flocculant neutralized the
anionic surface of the kaolinite particles. At the initial stage (below optimal dosage), there is
insufficient flocculant added; hence some of the colloidal particles are not fully neutralized,
resulting in a negative (-potential and relatively low removal efficiency, as shown in Scheme 7.2.
At the optimal dosage, there is an equal ratio of the cations to the colloidal particles; therefore,
there is complete neutralization that results in a nearly zero zeta potential and removal efficiency
of Ti, as shown in Scheme 7.2. In addition, the quaternary ammonium ion groups resulted in an
extended conformation to maximize separation between like-charges along the polymer backbone
at the low and optimal dosage, which greatly improved bridging flocculation mechanism that led
to excellent T; removal.!* In Scheme 7.2, the Ti removal decreased gradually and the {-potential

became positive when the flocculant dosage was beyond the optimal value. At this point, there is
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an overdose of the flocculant and the presence of excess cationic flocculants restabilized the
kaolinite colloidal particles due to the overall positive charge of the system and consequently

decreasing the flocculation efficacy.
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Figure 7.5: (a) Effects of flocculant dosage on phosphate removal. pH effects on (b) turbidity
removal, (c) Zeta potential and (d) phosphate.

7.3.2.2.2 Phosphate removal

The removal of phosphate in wastewater often requires the use of metal ion coagulants through
precipitation, followed by sedimentation and/or filtration. However, the process is pH dependent,
and a high dosage of the coagulant is required, which produces a large sludge volume. Herein,
cationic chitosan-based flocculants were used for the efficient removal of phosphate without metal
coagulants. Figure 7.5a illustrates Pi removal efficiency as a function of flocculant dosage at pH
6.5 for Chi-g-PAM and CTA-Chi-g-PAMs. The flocculation process followed a general trend,

where an increase in the Pi removal occurs with an increase in the flocculant dosage, and thereafter
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decreases steadily with a further increase in the dosage. Chi-g-PAM generally showed lower
removal relative to the CTA-Chi-g-PAM flocculants with an optimal dosage of 0.6 mg/L (70.6%).
At pH 6.5, this occurred because Chi-g-PAM remained as a non-ionic flocculant since its pHpzc is
6.3. The increased molecular weight of this system assisted in the flocculation of the phosphate
through polymer adsorption and bridging mechanisms, as discussed in Sections 2.7.2 and 2.7.3 in
Chapter 2. On the other hand, the CTA-Chi-g-PAM flocculants had increased P; removal with
reduced optimum dosage as the CTA DS in the copolymer increased from CTA-Chi-g-PAM-1
through to CTA-Chi-g-PAM-5. At high CTA DS, there are sufficient cationic quaternized
ammonium groups, which act as a coagulant to stabilize the phosphate particles via charge
neutralization to form microflocs. The polymer flocculant component aggregates the individual
microflocs through flocculation via polymer bridging to form stable macroflocs. At low DS of
CTA, there are a few cationic species in the system to electrostatically neutralize the phosphate
anion species; hence, the flocculation is dominated by polymer bridging and electrostatic patching.
The optimal dosage (in mg/L) with the removal efficiency in parentheses is 0.4 (76.6%), 0.3
(85.6%), 0.3 (88.9%), 0.3, (90.3%) and 0.2 (94.6%) for CTA-Chi-g-PAM-1 through to CTA-Chi-
g-PAM-5, respectively. The results obtained before and after the optimum dosage agree with the
zeta potential data discussed above, where the (-potential of the supernatant increased with
increased flocculant dosage. At the optimum dosage, (-potential values were near-zero, whereas
before and after the optimum dosage, they were negative and positive due to excess phosphate and
cationic flocculants, respectively, as shown in Scheme 7.2. The excellent performance of the
flocculants in removing Pi with minimal dosage (0.2 mg/L) is related to their solubility in water.
A previous study has shown that soluble flocculants that form a homogeneous solution are more
effective in removing suspended and dissolved particles.>® This relates to the greater accessibility
of the amine groups for dissolved flocculant since it improves the solvent accessibility and kinetics
of the process due to improved ionization and biopolymer hydration.>* Homogeneous dissolution

of species displays rapid kinetics of mixing (mass transfer) over solid flocculant forms.

7.3.2.3 Effect of pH

For ionic flocculants, pH plays an important role in the flocculation process. Figure 7.5b shows
the effect of pH variation on the Ti removal, while Figure 7.5c represents the zeta potential curves
of the colloidal suspension and flocculant agueous solution as a function of pH. Previous reports

have shown that kaolinite has a negative zeta potential from pH 1-14 due to its anionic surface
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charge owing to isomorphous substitution in its crystal structure. According to Figure 7.5b, the
flocculants showed positive (-potential at ambient pH and the pHpzc or an isoelectronic point (IEP)
between 6.13 and 9.8. The flocculants are mostly soluble in an aqueous medium over a wide pH
range. From Figure 7.5b, for Chi-g-PAM, the T; removal was steady with an increase in pH until
pH 6.0, where it decreased thereafter as pH increased. The IEP of Chi-g-PAM is 6.2, which
indicates that the amine groups of PAM and chitosan were protonated at pH < pHpzc, leading to
the formation of a cationic flocculant that was able to neutralize the kaolinite particles
electrostatically. On the other hand, at pH > pHp.c, the amine groups underwent deprotonation and
became negatively charged, resulting in electrostatic repulsion with the colloidal particles.
Consequently, a reduced T; removal efficiency was observed at high pH. For the cationic
flocculants, the Ti removal efficiency remained unchanged with an increase in pH and may relate
to its increased solubility in water at alkaline conditions. The structure of the polymer flocculant
in solution has a significant influence on CF properties of the flocculants. In a previous study, the
hydrodynamic radius (Rn) of a flocculant was observed to be pH dependent, where the Rn decreases
with increasing pH until it reaches its IEP, followed by an increase thereafter.>® At pH > IEP, the
amine group on the flocculants undergo deprotonation, which partially neutralizes the cationic
sites of the polymer. Hence electrostatic charge neutralization effect reduces since the net charge
of the system will have negative {-potential, where flocculation by bridging effects becomes
dominant. Also, the morphology of the polymer chains displayed extended conformation at high
pH, which aided the bridging flocculation mechanism. However, at lower pH conditions (pH <
IEP), due to the opposite charge of the kaolinite and the cationic flocculant at this pH, a charge
neutralization mechanism enhances the performance of the flocculants.®® In addition, a bridging
mechanism occurs due to the extended conformation of the polymer. A higher density of cationic
groups (CTA) due to greater DS of CTA in the flocculant led to an increased removal efficiency
of the colloidal particles. Even though the Tj removal appears to be pH independent, the {-potential
data in Figure 7.5¢ show that the supernatant after the flocculation process is near zero at pH 6.0,
whereas the (-potential values are negative and positive below and above pH 6.0, respectively.
Therefore, pH 6 represents an optimum pH for the effective performance of the flocculants. The
positive (-potential at pH < 6 supports the charge neutralization mechanism while the negative (-

potential at pH > 6 is favorable for the polymer bridging mechanism.
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Table 7.3: Flocs aggregation and breakage kinetic parameters of the cationic flocculant materials
for the removal of turbidity, according to equation (7.6)

Flocculant
Chi-g- CTA-Chi-g- CTA-Chi-g- CTA-Chi- CTA-Chi-g- CTA-Chi-
Parameter PAM PAM-1 PAM-2 g-PAM-3 PAM-4 g-PAM-5
0.1 mg/L: Before optimal dosage
kl X 104
(count? s 13+1 32+33 374 55+2 67+3 81+3
ko x 102 (s?) 96+ 6 52+3 35+4 57+2 58+ 1 21+1
R. Chi? x 10* 6 22 22 2 4 2
R? 0.980 0.973 0.975 0.997 0.994 0.997
Optimal dosage (mg/L)
ki x 104
(count? st 54+4 58+6 1365 217+6 277 +2 244 +1
ko x 1073 (s) 47+ 4 31+4 85%2 130+ 11 49+ 4 65+ 2
R. Chi? x 10* 11 18 1 2 6 2
R? 0.984 0.978 0.998 0.997 0.999 0.996
3.0 mg/L: After optimal dosage
k1 x 10
(count? st 31+3 34+3 70+3 61+2 71+3 671
ko x 1073 (s) 734 111 +10 239+ 13 126 £ 6 229+ 10 192+5
R. Chi? x 10* 19 13 3 2 2 6
R? 0.970 0.974 0.993 0.997 0.996 0.998

The flocculation of Pi was shown to be pH dependent, where maximum removal obtained in
the alkaline and acidic regions for metal ions and polymer flocculants, respectively. Thus, the
initial pH of the wastewater plays an important role in the coagulation-flocculation process. The
development of flocculant materials without a metal ion coagulant that is pH independent will be
beneficial to wastewater treatment process. Figure 7.5d shows pH dependence of the P; removal
efficacy at the respective optimal flocculant dosage without the addition of metal ion coagulants.
According to these results, there is no effect of pH on the flocculation of the phosphate species, as
the removal efficiency remained relatively unchanged from pH 2 to 10.5. Except for Chi-g-PAM,
which continued to decrease steadily beyond pH 6.0. The results suggest that the cationic
quaternized flocculants are more effective in the removal of P; species over a wider pH range. At
a particular pH, the Pi removal efficiency increased with an increase in DS of CTA from CTA-
Chi-g-PAM-1 to CTA-Chi-g-PAM-5. As an illustration, at pH 5, the removal (%) is 80.9, 85.8,
94.7 and 99.0 from CTA-Chi-g-PAM-1 through to CTA-Chi-g-PAM-5, respectively. At pH >
pHpzc of the flocculants, they may deprotonate and become amphoteric; hence the flocculants are

not able to associate favorably with phosphate via attractive ion-ion interaction; therefore,
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electrostatic interaction is minimized, but the polymer flocculant favors polymer bridging via
hydrogen bonding. The opposite occurs when pH < pHpzc, Where greater association occurs with
the Pi species through ion-ion-interaction via charge neutralization as the cationic content of the
flocculants increases. Since there is no variation in the Pi removal for all of the cationic flocculants
in both acidic and alkaline media, it can be inferred that the magnitude of the polymer bridging
and charge neutralization mechanisms are equal which results in a steady removal over a wide pH

range, as evidenced herein.

7.3.2.4 Flocculation Kinetics

7.3.2.4.1 Turbidity removal

Flocculation kinetics is complicated since various processes such as polymer-particle mixing,
attachment of polymer onto the particle surface, rearrangement of adsorbed polymer chains,
collisions of destabilized particles, and breakage of flocs due to shearing occur simultaneously and
continuously. Despite the complexity of the process, an understanding of the fundamentals of
flocculation kinetics and elucidation of the flocculation mechanism will contribute to further
development of effective flocculants.>’~>° Smoluchowski® first described flocculation kinetics of
colloidal particles through the formulation of classical mathematical expressions. Several
modifications have been made to the formulation, which provides a variety of alterations regarding
collision efficiency, hydrodynamic interactions, floc breakage and surface chemistry.1%5%° Two
main processes are accounted for in the formulation, which are floc aggregation and floc breakage,

where they are considered to follow second-order and first order kinetics, respectively, as given in
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equation (7.8).
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Here, No and Nt are the number concentration of the kaolinite colloidal dispersion at the initial time
(t=0) and at time, t, respectively. ki and k> are the kinetic rate constants for the floc aggregation
and breakage, respectively. Values of ki and k> can be obtained through nonlinear fitting of the

integral equation (7.8), as given in equation (7.9). Using equation (7.9), the particle aggregation
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and particle breakage kinetics can be compared. To evaluate the turbidity, the relationship between
the number concentration of kaolinite particle and the measured transparency (%T) of the water is
given according to equation (7.10), where, T, and Tt are %T of the water before and after the
flocculation process. The value of N, was kept constant at 1000 mg/L throughout.

N, )_100-T, (7.10)
N, ) 100-T, '

t

Figure 7.6 (top) represents floc aggregation and breakage kinetic curves. The flocculation
process for each flocculant was divided into three categories to understand how the flocculant
dosage affects the flocculation kinetics: (i) below the optimal dosage (underdosing); (ii) at optimal
dosage; and (iii) above the optimal dosage (overdosing). Figure 7.6 (a-c) shows that after the
addition of the flocculants, particle aggregation occurred within the first five min and it reached
equilibrium at 15 min. Before the optimal dosage, Chi-g-PAM showed low values of ki ((13 + 1)
x10* counts st) and high values of k2 ((96 + 6) x107 counts? s). This indicates that the rate of
particle breakage is greater than the particle aggregation, meaning as the flocs are formed, they
have a greater tendency to break, which results in the poor Ti removal efficiency, as reported earlier
relating to perikinetic flocculation process. This occurs because the use of pH 6.5 is above the
PHpzc of Chi-g-PAM (pHpzc 6.3), where the flocculant is nearly neutral and its interaction with the
kaolinite will be dominated by polymer bridging effects without any charge neutralization effects.
For the cationic flocculants, ki values increased while the ko values decreased from CTA-Chi-g-
PAM-1 through to CTA-Chi-g-PAM-5, as presented in Table 7.3, suggesting that the presence of
CTA on the polymer enhanced the formation of stable aggregates that resist breakage upon
addition of shear stress. According to Figure 7.6b, at the optimal dosage, the values of ki for all
the flocculants are greater than below or above the optimal dosages, as reported in Table 7.3. This
shows that the flocs formed at the respective optimal dosage of the flocculants are stronger, denser
and more compact, and are able to resist breakage, leading to optimal T; removal at these values.
Beyond the optimal dosage, flocculation rate decreases as the particle aggregation rate constant
(k1) becomes smaller and the particle breakage rate constant (ko) increases. This occurs because a
higher flocculant concentration provides coverage of the available sites on each particle. Thus, the
bridging mechanism become negligible. Beyond the optimum flocculant dosage, there is an excess

positive charge from the cationic quaternary ammonium groups, which then causes restabilization
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of the flocs. This effect is due to electrostatic repulsion, which leads to an increase in aggregate

breakage constant and a reduction in the flocculation performance at this dosage.

T T T T T T T T :
1ok m Chi-g-PAM 10 m Chi-g-PAM ) ! ) m Chi-g-PAM
A (a) ® CTAChi-gPAM-L 0F b @ CTA-Chi-g-PAM-1| 10k ( ) @ CTA-Chi-g-PAM-1|
A CTA-Chi-g-PAM-2| A CTA-Chi-g-PAM-2| C A CTA-Chi-g-PAM-2|
v CTA-Chi-g-PAM-3| ] v CTA-Chi-g-PAM-3 ¥ CTA-Chi-g-PAM-3/|
08k \ @ CTA-Chi-g-PAM-4 08l # CTA-Chi-g-PAM-4| 4 CTA-Chi-g-PAM-4|
4 CTA-Chi-g-PAM-5| < CTAChi-g-PAM-5 08 4 CTA-Chi-g-PAM-5
06 - 1 06 - 1
s
z g
z z
0.4 i 04 1
0.2 0.2
0.0 0.0
T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 100
Time (min) Time (min)
T T T T 200 T T T T
160
140 4
1 150 1 1
120 4
100 4 —
— 1 1= 1
o < i =)
D 804 g 100 S
£ = £
- 4 d -
o 60 g 10 m Chig-PAM B
»r 404 ® CTA-Chi-g-PAM-1|
| Chi
404 50 4 H CT‘/fcphﬁhganAMrl A CTAChi-g-PAM-2|
A CTAChi-g-PAN-2] ¥ CTA-Chi-g-PAM-3
204 W Chig-PAM W CTA-Chi-g-PAM-3| 204 @ CTA-Chi-g-PAM-4|
® CTA-Chi-g-PAM-1| q 4 CTA-Chig-PAM-4| A 4 CTA-Chi-g-PAM-5| A
A CTA-Chi-g-PAM-2) «_ CTA-Chi-g-PAM-5|
04 ¥ CTA-Chi-g-PAM-3 04
@ CTA-Chi-g-PAM-4| 04
«_ CTA-Chi-g-PAM-5|
-20 T T T T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time (min) Time (min) Time (min)

Figure 7.6: Kinetic profiles of flocculation processes for kaolinite suspension (top) and phosphate
(bottom) with respect to PFO model (a & d) below the optimum dosage, (b & €) at the optimum
dosage and (c & f) beyond the optimum dosage at pH 6.5.

7.3.2.4.2 Phosphate removal

Flocculation kinetics of dissolved substances such as dyes, phosphate, sulphate, etc. have been
shown to follow kinetic process that differs from suspended colloidal particles. The kinetic results
herein were obtained using a one-pot method, the details of which have been reported elsewhere.5*
The effect of contact time on the flocculation ability of Chi-g-PAM and CTA-Chi-g-PAM
flocculants on the phosphate removal at pH 6.5 and an initial phosphate concentration of 50.0
mg/L is presented in Figure 7.6 (bottom) for the PFO kinetic model. There is a rapid increase in
the P; flocculation within the first 5 min, where it increased steadily up to 15 min to where it
reached a dynamic equilibrium, and then remained virtually constant thereafter. The sharp increase
within the first min for the flocculation process could be attributed to electrostatic interactions

between the phosphate and the cationic flocculants, leading to charge neutralization, since this
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effect was less obvious in Chi-g-PAM flocculant.®22 Prior to reaching the dynamic equilibrium,
there is a gradual increase in the flocculation efficacy because of a reduced effective cationic
charge on the flocculant surface. The rapid equilibrium process at 5-15 min as reported in Figure
7.6 (d, e & 1), indicates that P; species interact with the outermost surface of the flocculant system.

Table 7.4: Flocculation kinetic parameters for Pi removal at pH 6.5 and initial P; dosage of 50.0
mg/L according to the PFO model

Flocculant
Chi-g- CTA-Chi- CTA-Chi-g- CTA-Chi- CTA-Chi- CTA-Chi-
Parameter PAM g-PAM-1  PAM-2 g-PAM-3 g-PAM-4  g-PAM-5
PFO: 0.1 mg/L dosage
Q. (mg/Q) 36+l 50+1 99+1 109+1 119+1 155+1
ki X 102 (min™) 340+9 562 + 23 274+ 10 292+6 346 +5 273 +4
R. 2 1 2 7 2 1 3
R? 0.996 0.991 0.994 0.998 0.999 0.999
PFO: Optimal dosage (mg/L)
Q. (mg/Q) 95+1 1001 121+1 162+1 1731 182+1
ki x 10 (min?) 255+5 415+ 15 297 + 12 260 + 3 267 +7 357 +£10
R. 2 2 6 12 1 9 12
R? 0.998 0.993 0.992 1.000 0.997 0.996
PFO: 3.0 mg/L dosage
Q. (mg/g) 78+1 66+ 1 91+1 115+1 91+1 96 +1
ki X 102 (min™) 279+6 169 +5 245+9 299+ 11 272 5 289+9
R. %2 2 1 6 9 2 4
R? 0.997 0.997 0.994 0.994 0.998 0.996

The flocculation kinetics of P; with the cationic flocculant systems was investigated using the
pseudo-first-order (PFO) and pseudo-first-order (PSO) kinetic models. The PFO kinetic model
assumes that the sorption rate decreases linearly as the adsorption rate increases.54%® By
comparison, the PSO kinetic model assumes that the rate-limiting step involves interaction
between the adsorbent and adsorbate is often applied to describe an adsorption process.®®® The

PFO and PSO kinetic models are shown in equations (7.11) and (7.12), respectively.

G =0, (1—e ™) (7.11)
k,q.’t

SN L 7.12

G =1 Tkqt (7.12)

Here, ge and g are the amount of phosphate adsorbed (mg/g) at dynamic equilibrium and at time
t. ki and k2 are the rate constants for the PFO and PSO kinetic models, respectively. ki, k2 and ge

were estimated using non-linear regression fitting according to equations (7.8) and (7.9).
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In Figure 7.6 (bottom), the experimental kinetic results were fitted by the PFO model, whereas
fitted results for the PSO model are presented in Figure A9.15 (Appendix A). The results are well-
described by PFO in comparison to PSO. The fitting parameters, ki, k2, ge and R? obtained from
the regression analysis are listed in Table 7.4. The correlation coefficient (R%) and reduced 2 for
the PFO model exceeds that of the PSO model for all the flocculants, in accordance with Figure
7.6 (d, e, & f). Also, it is evident that the predicted values of ge determined by the PFO model
agree well with the experimental values relative to the PSO kinetic model. Moreover, the rate
constant (k1) of the PFO model is significantly greater than that of the PSO model rate constant
(k2). The value of ki increased as the DS of CTA increases, which is in agreement with the results
obtained for the floc aggregation rate constant for the suspended particles. Also, ki values are
greater at the optimal flocculant dosage relative to dosage values below and above the optimal
levels, showing that charge neutralization is the main flocculation mechanism at the optimal
dosage. The adsorption of P; by the flocculant system indicates that the sorption rate decreases
linearly as the adsorption rate increases. Similar results were reported for the flocculation of

anionic dyes and arsenates by related polysaccharide-based flocculants.®”"

7.3.2.5 Adsorption isotherms

Flocculation-adsorption processes can be described through graphical isotherms.
Adsorption isotherms provide insight concerning the interaction between adsorbates and
adsorbents at the optimal conditions.”* The Langmuir?, Freundlich” and Sips’ isotherm models
are the most frequently used to describe adsorption during a flocculation process. In this study, the
adsorption isotherm models were used to understand the adsorption processes to elucidate the
flocculation mechanism. The Langmuir adsorption isotherm model assumes that adsorption occurs
at specific homogeneous sites with the adsorbent and is described by equation (7.13). The
Freundlich isotherm model, represented by equation (7.14), accounts for multilayer sorption by
assuming that the adsorbent has a heterogeneous surface with non-uniform distribution of sorption
sites. The Sips isotherm model (equation (7.15)) shares features of the Langmuir and Freundlich
isotherms. At low adsorbate concentrations, it converges to a Freundlich isotherm. At high

adsorbate concentration (or n = 1), the model reduces to a Langmuir isotherm.”
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Figure 7.7: Adsorption isotherms of phosphate by CTA-Chi-g-PAM flocculants at pH 6.5
according to (a) Langmuir, (b) Sips and (c) Freundlich. Initial phosphate concentration (1.0-50
mg/L). (d) van’t Hoff plot of InKp vs 1/T for the phosphate adsorption on CTA-Chi-g-PAM. Note:
Ks is the equilibrium distribution coefficient, as defined in equation (7.12), according to the Sips
isotherm model.

. — KIque (713)
1+ Kc,

q, =K, (7.14)
K.g,C

. :Len (7.15)
1+K,c,®

The variables in the equations are defined herein: gm (mg-g™) is the monolayer adsorption of P; per
unit mass of CTA-Chi-g-PAM adsorbent, and g is the amount of adsorbed Pi (mg-g*). Ki and K
(Lgl) are the equilibrium adsorption constants for Langmuir and Sips isotherms, respectively,
which relate to the affinity of the binding sites. Ks is the Freundlich isotherm constant, which
relates to the adsorption capacity, where n is a dimensionless constant. The value of n describes
the type of adsorption, where it can be classified as unfavorable (1/n > 1), favorable (1/n < 1), and

irreversible (1/n = 0).
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Figure 7.7 (a-c) is the isotherms for the removal of P; in the flocculation process by Chi-g-PAM
and CTA-Chi-g-PAM aqueous flocculant systems at a variable concentration (5-50 mg/L). The
experimental data were fitted by the Langmuir, Freundlich and Sips isotherm models. The fitting
parameters and the correlation coefficients are listed in Table 7.5. The results in Figure 7.7 (a-c)
and Table 7.5 show that the removal of P; by the CTA-Chi-g-PAM flocculant materials is well-
described by the best-fit according to the Langmuir and Sips models. Favorable adsorption of
phosphate is reflected by these models since R? > 0.95 and the reduced 2 is relatively low. In
addition, the monolayer adsorption capacity (qm; mg/g) for Pi at the optimal conditions for
Langmuir (former) and Sips (latter) isotherms given in parentheses are (166 + 4; 148 + 4), (208 £
3;199 £5), (251 + 5; 224 + 4), (305 + 4; 318 + 10), (308 + 3; 303 £ 8) and (339 + 3; 336 + 7) for
Chi-g-PAM, CTA-Chi-g-PAM-1, CTA-Chi-g-PAM-2, CTA-Chi-g-PAM-3, CTA-Chi-g-PAM-4
and CTA-Chi-g-PAM-5, respectively. The equilibrium adsorption capacity obtained for Chi-g-
PAM is lower compare to the quaternized flocculants. This trend is due to the absence of cationic
moieties to neutralize the anionic colloid particles efficiently. Also, as the DS of CTA in the
cationic flocculant increases, the qm values increased, as listed in Table 7.5. The values obtained
from the Langmuir and Sips models are comparable, where the Langmuir model is considered
more reliable due to its relative simplicity and favorable goodness-of-fit for the cationic flocculant
isotherm systems. Moreover, the exponent term (ns) is near unity, which implies that the Sips
isotherm converges with the Langmuir model when ns = 1. Thus, it can be inferred that the
flocculation of orthophosphate by cationic polymeric flocculants follows a homogeneous
mechanism based on the charge neutralization reaction between the anionic P; and the cationic
quaternary ammonium groups.’® In the Freundlich isotherm model, the dimensionless constant,
nis less than unity, indicating favorable adsorption, but the correlation coefficient was lower than
those obtained by the Sips and Langmuir models. The Langmuir (K;) and Sips (Ks) adsorption
constants resided within the same range for all the flocculants, revealing the strong affinity for the
phosphates towards the flocculant binding sites. This shows that the flocs formed from the

interaction between P; with CTA-Chi-PAM have stronger stability in solution.’’
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Table 7.5: Langmuir, Sips and Freundlich adsorption isotherm coefficients for the flocculation
of phosphate by CTA-Chi-g-PAM flocculants at pH 6.5

Flocculant

CTA-Chi- CTA-Chi- CTA-Chi- CTA-Chi- CTA-Chi-

Parameter Chi-g-PAM g-PAM-1  g-PAM-2 g-PAM-3 g-PAM-4 g-PAM-5
Langmuir Isotherm

Qm(mg/g) 165%4 208 +3 2515 305+ 4 308 +3 339+3

Kix 10°% 31+2 44 + 2 41+2 36+1 40+1 36+1

R. 2 4 4 10 4 5 3

R? 0.997 0.998 0.997 0.999 0.999 0.999

Sips Isotherm

Qm(mg/g) 148+4 199 +5 227 + 4 318+ 10 303 +8 336+7

Ksx 103 40+3 49+3 51+2 32+2 414+24 36.6+2

Ns 1.1+0.1 1.1+£0.1 1.2+0.1 1.0+£0.1 1.0+£0.1 1.0+0.1

R. 2 2 3 3 4 5 3

R? 0.999 0.999 0.999 0.999 0.999 1.0
Freundlich Isotherm

Ks 12+2 23+3 25+4 26+ 3 30+4 29+4

n 19+0.1 2.1+0.2 21+0.1 2+0.1 21+0.1 20+0.1

R. 2 58 111 188 129 188 189

R? 0.962 0.958 0.952 0.975 0.966 0.971

7.3.2.6 Flocculation thermodynamics

The temperature effect on the flocculation of Pi by CTA-Chi-g-PAM flocculants was
investigated from calculated thermodynamic parameters. The thermodynamic parameters were
obtained by performing the flocculation process at different temperatures. The difference in the
standard Gibbs free energy (AG°), enthalpy (AH®) and entropy (AS°) was evaluated at equilibrium,

according to the equations below.

ink, =457 A
R RT (7.17)

Here, R is the universal gas constant (8.314 J-mol™*-K™), T is the temperature in kelvin and Kp is
the equilibrium distribution coefficient, which is defined by equation (7.18), which relates to the

equilibrium constant obtained from the Langmuir or Sip isotherms.”

Ce (7.18)
AG° was calculated at a variable temperature by using equation (7.16). A plot of InKp as a function
of T resulted in a straight line, in accordance with equation (7.17). The values of AH® and AS°
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were obtained from the slope and intercept, respectively (cf. Figure 7.7d and Table 7.6). AG® for
the P; adsorption by all the flocculants was negative, indicating the spontaneous nature of the
flocculation-adsorption process. For each flocculant, AG® becomes more negative with increasing
temperature, which shows that the flocculation of P is energetically favorable at all temperatures.
The positive values of AH® obtained herein confirm that the flocculation process is endothermic
and the product (flocs) is thermodynamically stable. Since AH® is less than 40 kJ/mol and AG?® is
less than 20 kJ/mol for all the flocculants, it can be deduced that the flocculation process involves
physical interaction (physisorption) between the adsorbate (phosphate) and the adsorbent (cationic
flocculant materials). The value of AS° is positive for all the studied flocculants, suggesting
increased randomness at the liquid-liquid interface during the flocculation-adsorption process, and
the values reflect the affinity of the CTA-Chi-g-PAM flocculants towards the phosphate. Values
of AG® and AS° increased as the DS of CTA increases at each temperature, while the magnitude
of AH® remained virtually constant. This implies that the spontaneity of the flocculation process is
entropically driven. The thermodynamic results obtained herein are comparable to other previous
reports. 881

Table 7.6: Thermodynamic parameters for the phosphate adsorption on CTA-Chi-g-PAM
flocculants from 10-50 °C

AG° (kJ/mol)
Flocculant 283 295 303 313 323 AHC AS° R? RSS
K K K K K (kJ/mol)  (J/K mol)
Chi-PAM -7.86 -8.20 -843 -871 -8.98 154+07 280%+1.2 0.993 2.95E-08

CTA-Chi-PAM-1 -881 -9.19 -945 -976 -101 264+06 31.5+09 0999 1.88E-08
CTA-Chi-PAM-2 -942 -983 -101 -104 -108 205+06 335+0.8 0998 1.74E-08
CTA-Chi-PAM-3 -9.78 -10.2 -105 -108 -11.2 278+13 349%+14 0993 9.57E-08
CTA-Chi-PAM-5 -102 -106 -109 -113 -116 27109 36.3+14 00996 4.98E-08
CTA-Chi-PAM-5 -10.7 -111 -114 -118 -122 227+14 37905 0.989 1.11E-07

7.3.3 Floc properties and characterization
7.3.3.1 FT-IR spectra of flocs

FTIR spectra were obtained for the flocs produced and isolated from the flocculation process.
The IR spectra of the cationic polymer flocculants were posited to reveal whether there are any
physical or chemical interactions between the flocculants and the kaolinite particles. In Figure
7.8a, the FTIR spectra of kaolinite, CTA-Chi-g-PAM-5, flocs and physical mixture of the kaolinite

and the flocculant are presented. The results of the other cationic flocculants are identical to that
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of CTA-Chi-g-PAM-5 presented in Figure A9.16 (Appendix A). It is observed that the spectra of
the produced flocs, kaolinite and the physical blend are similar. The samples have comparable IR
signatures in their respective spectra. According to Figure (7.8a), the absorption band at 3698
represents the inner surface —OH stretching vibration and those at 1114 cm™, 910.8 cm™, 792.7
cm™? are due to the Si-O, AI-OH bending vibrations and Si-O-Si stretching of cristobalite,
respectively.>®®2 The results show that the major components of the kaolinite were compounds of
Siand O. The presence of these IR bands in the floc spectra, compared to a physical blend between
the kaolinite and the flocculants suggest that no chemical reaction occurred in the flocculation
process because no new unique spectral signatures were observed. Figure 7.8a(ii) shows expanded
IR spectra of the physical blend, kaolinite and the flocs from 1500 cm™ to 3380 cm™. Comparing
the spectra of the flocs to the physical blend, there are bands at 1669 cm™ and 1606 cm™, which
are both absent in the kaolinite spectra. These IR bands are also present in the CTA-Chi-g-PAM
flocculants, where they represent stretching vibration of -NHz and stretching of —-C=0 in the amide
of the polyacrylamide component of the cationic flocculants.*>8 There is an IR band at 1452
cm, which was attributed to the methyl group in the quaternary ammonium ion of the polymer
flocculant. The presence of these bands in the physical blend and the flocs suggest that the cationic
polymer flocculant adsorbed on the surface of the kaolinite particles by electrostatic charge
neutralization and polymer bridging. The results herein support the fact that there was physical
interaction (physisorption) between the flocculants (adsorbent) and the kaolinite (adsorbate), as
suggested by the values of AG® and AH® in the thermodynamic studies reported above.

7.3.3.2 SEM images of flocs

The structural orientation and organization of the flocculants with the kaolinite microparticles were
evaluated using SEM imaging analysis. According to the micrographs, significant changes are
observed in the morphology of the kaolinite colloidal particles before and after flocculation. In the
presence of the flocculants, colloidal particles can associate in three different ways, namely, face-
to-face (F-F), face-to-edge (F-E) and edge-to-edge (E-E) interactions, to form a card-house type
structure, as discussed in Chapter 2.128 While van der Waals forces and double layer repulsion
between like charges or neutral faces lead to F-F and E-E aggregation, E-F association is driven
by Coulombic attractive forces between oppositely charged faces. Interactions between kaolinite
colloidal particles and polymer flocculants occur due to charge neutralization, polymer bridging,

the formation of complex or a combination of these mechanisms.*?# Non-ionic and cationic
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polymer flocculants lead to polymer bridging and electrostatic charge neutralization, respectively.
According to the SEM micrographs shown in Figure 7.8b, Chi-g-PAM flocculated flocs had F-F
and E-E floc aggregation, while the cationic quaternary ammonium groups of the flocs had F-F,
E-E and E-F associations. The SEM images of the flocs obtained from the other flocculants are
shown in Figure A9.17 in Appendix A. This suggests that both non-ionic and cationic flocculants
are adsorbed onto the faces and edges of the kaolinite particles. However, because of the greater
proportion of face vs. edge surface area on the colloidal particles, F-F aggregation is evident in all
the flocs. Hence, polymer bridging takes place due to linking of two or more particles to the
polymer flocculant.?% E-F interaction of the colloidal particles was present in the cationic
containing flocs via electrostatic charge neutralization due to the presence of the positively charged
quaternary ammonium groups of the polymer flocculants. Also, long-range van der Waals
attraction and short-range ion-dipole forces led to F-F and E-E association of the particles. For the
cationic flocculants, Coulombic attraction is the dominant force resulting in a charge neutralization
mechanism. This occurs because the cationic quaternary ammonium ions are attracted to the

negatively charged sites along the kaolinite particle surface.

—— CTA-Chi-g-PAM
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Figure 7.8: (a) FT-IR spectra of CTA-Chi-g-PAM, kaolinite, flocculant-kaolinite physical mixture
and flocs. (b) SEM images of (i) kaolinite and flocs obtained with (ii) Chi-g-PAM, (iii) CTA-Chi-
g-PAM-1 and (iv) CTA-Chi-g-PAM-5. Here, red, yellow and blue circles indicate F-F, E-F and E-
E association of the microflocs, respectively.
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7.3.3.3 Particle size of flocs

In order to better elucidate the flocculation mechanism, it is important to study the variation in
the floc size and size distribution. The median volumetric diameter (dso) was used to denote the
floc size in this study. The size distribution and average particle size of the kaolinite colloidal
particles in the presence and absence of the cationic flocculants are shown in the Figure 7.9. In the
absence of the flocculant the kaolinite dispersion showed a broad size distribution with a particle
size of 5.3 um, which is in agreement with previous reports.*2%% The addition of the flocculant
resulted in a narrow particle size distribution that showed significant increase in the average size
of the flocs. The particle size of the flocs had maximum value at the optimal flocculant dosages as
compared to values obtained before and after the optimum dosage. Also, as the DS of CTA
increases, the size of the aggregated flocs increased. For instance, at the optimum dosage, the
average aggregate size (in um) of the flocs flocculated by CTA-Chi-g-PAM-1 through to CTA-
Chi-g-PAM-5 are 96, 105, 152, 264 and 500, respectively. The increased size with the cationic
content can be associated with charge neutralization and polymer bridging effects. Regarding
charge neutralization, the charged quaternized ammonium group of the flocculant binds with the
negative edges of the kaolinite surface and aggregate via electrostatic attraction. This is in
agreement with the {-potential results, where the addition of the cationic flocculant increased the
C-potential of the supernatant of the suspension until it reached near-zero at the optimal dosage.
As indicated above, for highly charged flocculants, less dosage is required to obtain maximum T;
and P; removal. This suggests that the amount of flocculant needed to neutralize the particle charge
of the kaolinite is inversely related to the charge density, where polymers with high charge density
can neutralize the particle surface charge more rapidly than polymers with low charge density. The
high molecular weight of the polymer flocculant also increased the size of the flocs via a
flocculation bridging mechanism. The high molecular weight of CTA-Chi-g-PAM flocculants
would result in adequate chain branches and adsorption sites to enhance its bridging ability. As the
polymer molecular weight is higher, long-chain polymer conformational rearrangements occur at
the particle surface more slowly. Therefore, the addition of the high molecular weight flocculant
will lead to an extension of the long polymer chain to the particle surface, which may span over
the electrical double layer domains of the approaching particles that cause bridging flocculation to
occur. In addition, the cationic flocculants would neutralize the negatively charged particle surface

to lose their stability. During the bridging process, the destabilized particles were tightly absorbed
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on the CTA-Chi-PAM polymer chain to form large and compact flocs. The average particle size
of the flocs is smaller below and above the optimum dosage due to excess of the negative and
positive charged particles present after the flocculation process, respectively. Below the optimum
dosage, there is limited availability of sufficient cation groups to neutralize the colloidal particle
surface charge, resulting in a negatively charged dispersion. This is confirmed by the {-potential
results and a reduced floc size, along with a lower flocculation performance. On the other hand,
beyond the optimum dosage, there is an excess of cation groups to neutralize the negatively
charged particles, resulting in a net positive charge, which leads to restabilization of the floc due

to charge reversal effects. Hence, there is a reduction in their average size.
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Figure 7.9: Kaolinite floc size distribution (a) below the optimum dosage, (b) at the optimum
dosage and (c) beyond the optimum dosage at pH 6.5. (d) Floc size of kaolinite-flocculant particles
at different flocculant dosage.

7.4 Conclusion
A copolymer flocculant was synthesized by grafting polyacrylamide (PAM) onto chitosan to
obtain Chi-g-PAM. The product was then quaternized with CTA to prepare a series of cationic
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polymer flocculants (CTA-Chi-g-PAM) by varying the weight ratio of the CTA and Chi-g-PAM.
The structure of CTA-Chi-g-PAM was supported by various characterization methods, where the
products were found to be soluble in water with positive surface charge at both acidic and alkaline
conditions. The effects of temperature, settling time, pH and flocculant dosage on the flocculation
properties of the materials were tested on the removal of suspended solids (turbidity) and
phosphate. Maximum removal of P; and Ti was obtained within 5 mins of settling of the flocs and
they showed independent trend towards pH, in that, greater and equal removal efficiency was
obtained from pH 2 to 10.5. The optimal flocculant dosage ranged from 0.2 to 0.5 mg/L with CTA-
Chi-g-PAM-5 having the smallest optimal dosage of 0.2 mg/L with 99.0 % (Pi) and 98.6 % (T;)
removal efficiency. Kinetics of the Ti flocculation shows that the rate constant for particle
aggregation is greater at the optimal conditions, relative to the rate constant for particle breakage.
The Pi removal was well described by PSO kinetic model and Langmuir adsorption isotherm,
indicating that the process is physisorption. Thermodynamic study at variable temperatures
showed that the flocculation process is endothermic, spontaneous and entropy-driven (due to
hydrophobic effects, as discussed in Chapter 2), where the removal efficiency increased steadily
with increasing temperature. Stronger, denser and more compact flocs with remarkably increased
floc size were formed at the respective optimal dosage of the flocculants. F-F, E-E and E-F
microfloc associations were observed without any chemical interaction between the kaolinite and
the flocculants. The CF process involved cooperative Coulombic electrostatic charge
neutralization mechanism between the cationic ammonium ion group of the flocculant and the
anionic species (Pi and kaolinite), followed by polymer bridging due to adsorption of microflocs
on the surface of the polymer and formation of an ordered layered structure through a bridging
mechanism. This study contributes to the field of sustainable environmental science since a
minimal dosage (0.2 mg/L) of the flocculant was deployed without the use of additional metal-ion
coagulants for efficient removal of P; and Ti. As well, a short settling time (5 min), and the process
is noted to be pH independent of the initial wastewater conditions. The flocculant reported herein
in this research is anticipated to be efficient for the removal of other oxyanions species such as
arsenate, nitrate, sulphate and organophosphate, and this direction is the subject of on-going

research.
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CHAPTER 8

8 Discussion, Concluding Remarks and Proposed Work

8.1 Integrated discussion of manuscript chapters
This section provides an overview of the findings of the thesis research and outlines how the
objectives were addressed by the respective studies listed in the manuscript chapters (Chapters 3-
7). As outlined in Chapter 1, the overall aim of the thesis research relates to the development and
application of a sustainable coagulation-flocculation system that has improved water treatment
performance toward oxyanion (where the focus is directed to phosphate, Pi) and colloidal particles
(finely dispersed kaolinite particles, turbidity, T;) removal from aqueous medium over
conventional CF systems currently available. Generally, coagulation-flocculation (CF) processes
require the use of mineral salts (e.g., alum, ferric chloride, ferric sulphate, etc.) as coagulants and
synthetic polymers (e.g., polyacrylate, polystyrene sulphonate, polyethylene oxide, etc.) as
flocculants. However, due to the several disadvantages associated with these materials, especially
regarding health and environmental concerns, as discussed in Section 2.5.1, there is an impetus to
eliminate them in the wastewater treatment process. Hence, this thesis was focused on strategies
to develop single-component CF materials that possess dual function properties akin to that of
conventional binary and ternary systems, from biopolymers with more exceptional performance
toward wastewater treatment and able to overcome the disadvantages accompanied with inorganic
salt and synthetic polymers. The overall objective of the thesis was further divided into three
categories (themes), as illustrated in Figure 8.1:
I Flocculation efficacy of combined biopolymer-metal salt system towards dissolved
phosphate removal in wastewater in single-component, binary and ternary CF systems.
ii. Synthesis, characterization and flocculation properties of high molecular weight
chitosan-based amphoteric flocculant for Pi and Ti removal in a single-component and
binary systems.
iii. Synthesis, characterization and flocculation performance and floc properties of high

molecular weight cationic chitosan-based flocculants.



Theme 1 Theme 2 Theme 3

Ternary, bin.ary a.nd single “HiETy an_d sin_gle UL Single component cationic
component native biopolymer CF amphoteric chitosan-based CF chitosan-based CF system
system system
No chemical or physical Surface functionalization of Surface functionalization of
modification of biopolymers chitosan with CMC and CTA chitosan with PAM and CTA
(Chapters 3 & 4) (Chapters 5 & 6) (Chapter 7)

/

[ Physicochemical/structural J

characterization

Physicochemical/structural CF process for P;and T, CF adsorption and
characterization of flocs e removal and process thermodynamics at
optimization optimized conditions

Figure 8.1: Organization of the Ph.D. thesis objectives into three research themes in this study.

The selected biopolymers in this thesis research are chitosan and alginate (cationic versus
anionic biopolymers, respectively), which are known to have several advantages for wastewater
treatment due to their physicochemical properties. Chitosan has several amine (-NH.) and
hydroxyl (-OH) groups on its surface.! In an acidic medium, the active amine groups in its structure
can be protonated, resulting in the formation of cationic polyelectrolyte.? The presence of the
cationic charge on the polymer leads to a strong electrostatic attraction between chitosan and
anionic contaminants such as phosphate, nitrate and anionic organic dyes such as Reactive black
5.2% However, it undergoes deproton