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Abstract
Flocculation is a common process used in numerous industrial applications to separate suspended
colloidal particles from solution efficiently. The addition of a polymeric flocculating agent leads to
contact between the particles via polymer bridging, which destabilise the colloidal suspension, hence
allowing for faster sedimentation. The excess presence of multivalent cations has a detrimental effect
on the flocculation efficiency of anionic polymeric flocculants, due to the shielding of the active anionic
functionality. In addition, this interaction can also lead to precipitation of the polymers in some extreme
cases.
The primary focus of this research project was to develop novel anionic polymers that have improved
solubility and strong flocculation efficiency in high ionic strength environments. It was hypothesised that
the anionic polymer would be more stable in high ionic strength environments if its anionic
functionalities are distributed in a well-defined manner rather than arbitrarily across the polymer chain
(a typical characteristic of commercial flocculants). Consequently, two different types of architecture of
ABA triblock copolymers and star-shaped AB block copolymers were targeted; where the terminal A
blocks are anionic blocks derived from acrylic acid (AA), and the centre or core B block is a non-ionic
block derived from acrylamide (AM).
Eight different ABA triblock copolymers (ABA1 – ABA8) and six different 4-arm star-shaped block
copolymers (4A-BA1 – 4A-BA6) were successfully synthesised. The ABA triblock copolymers were
synthesised in a three-stage process. The first two stages involved the polymerisation of AA to form the
anionic blocks (molecular weights ranging from 5.21 to 173 kDa; Đ < 1.20), followed by chain extension
with AM to form a series of AB diblock copolymers (molecular weights of approximately 500 kDa; Đ <
1.50). This was achieved using an aqueous RAFT-mediated gel polymerisation technique. The third stage
involved an aminolysis process, where the thiocarbonylthio moiety on the polymer chain was converted
into thiol, which spontaneously coupled under oxidative environment to form the desired ultra-high
molecular weight (UHMW) ABA triblock copolymers (molecular weights of approximately 1 MDa, Đ <
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1.70). The star-shaped block copolymers were synthesised using the same aqueous RAFT-mediated gel
polymerisation technique, this time with the aid of a 4-arm star RAFT chain transfer agent.
Prior to flocculation analysis, three different control polymers (homopolymer of AA, PAA; homopolymer
of AM; PAM, and random copolymer of AA and AM, RAB) were synthesised. RAB possessed a similar
architecture compared to that of current commercial flocculants and thus was created for direct
flocculation comparison with the block copolymers. High ionic strength kaolin clay slurry with three
concentrations of Ca2+ (0.05 M, 0.10 M, and 0.50 M) were employed for flocculation testings via cylinder
settling tests and turbulent pipe flow. While the flocculation efficiency of RAB diminished rapidly in high
ionic strength environments, the ABA triblock copolymers and the star-shaped block copolymers
remained stable, induced relatively faster settling rates and were able to clarify the solution efficiently,
particularly at the highest concentration of Ca2+. With further developments and flocculation testings,
these well-defined novel block copolymers have high potentials to be implemented into current
industrial applications of flocculation.
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Chapter 1
Introduction, Research Background, and Project Objectives

1.1. General Overview on Flocculation
Industrial processes typically generate large quantities of wastewater and effluents. These waste
streams as well as other internal process streams can contain significant amount of finely dispersed
solids, metal ions, organic and inorganic particles, and other impurities.1, 2 Such colloidal particles and
impurities are small in size and typically carry a surface charge, which render them to strong surface
phenomena caused by repulsion forces such as water solvation layer and electrical charge.3 Water
molecules have a tendency to adsorb onto the hydrophilic surfaces to form solvation layers and hence
reduce the overall agglomeration potential.3, 4,

5

Interaction between hydrophobic surfaces is also

difficult due to the electrostatic repulsion forces associated with the similarity in surface charges, which
arose from charge transfer between the suspended particle and the aqueous phase, or from defect
within the crystal lattice of the particle.3 These overall repulsion forces would prevent colloidal particles
from close proximity interaction with one another. This consequently hinders particle-particle attraction
forces from taking effect, and thus establishes a stable colloidal suspension over a prolonged period of
time.3, 6, 7 Therefore, an efficient technology is often required to promote fast and cost-effective solidliquid separation of these colloidal particles from the wastewater or process streams.

Amongst many solid-liquid separation processes, flocculation is commonly used in a wide range of
industrial applications, including but not limited to mining and minerals processing, wastewater
treatment, pulp and paper production, agriculture, medicinal applications, petroleum, textile industry,
oil recovery, and biotechnology.1, 4, 6, 8, 9, 10, 11, 12 The majority of flocculants used in industrial applications
are synthetic organic polymers based on polyacrylamide (PAM) and its derivatives.9 The terms flocculant
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or flocculating agent also cover other widely used natural polymers such as starch, chitosan, alginates,
cellulose, gums and glues.2, 3 Industrial applications of flocculation often employ two main methods:
coagulation-flocculation and direct flocculation.2 Coagulation-flocculation often involves the use of
inorganic metal salts as the coagulant and long chain organic polymers as the flocculant. In direct
flocculation, only high molecular weight polymers are utilise to reduce treatment time and overall cost
of the process.2 Coagulation and flocculation are comparatively different processes; however,
misinterpretation between these two methods often occurs. Coagulation utilises metal salts or low
molecular weight polymers to destabilise colloidal suspension through electrostatic interaction. 3, 4 In
contrast to coagulation, flocculation requires high molecular weight polymers to adsorb and form
bridges between colloidal particles to destabilises the solid suspension.3

Commercial flocculants are often used in three distinct categories of application: clarification, thickening,
and dewatering.10 These applications are primarily categorised based on the quality of solids output
from the process. Clarification involves the removal of suspended solids at low concentration from an
aqueous solution. The main objective of clarification is to prevent downstream interference by
suspended solid particles, particularly when the water quality has a significant importance to the
particular process.8 Clarification is regularly employed in minerals processing, treatment of potable and
non-potable water, as well as treatment of municipal sewage and industrial effluents.10, 11 Thickening is
employed when the concentration of suspended solid particles in solution is higher compared to that
of clarification. In thickening, suspended solids and water separation occurs based on a difference in
density, and the liquid is recovered from the upper surface of the thickener; whereas the concentrated
solids slurry is removed from the bottom of a typical thickener.8 Thickeners are commonly found in
minerals processing applications, as well as treatment of communal and industrial wastewaters. 10
Dewatering is the removal of water from an aqueous solution, where the main aim is to concentrate
the solid content. Therefore, dewatering takes higher priority on the quality of the solids extracted
compared to the recovery of the liquors.8 Dewatering covers solid-liquid separation processes such as
centrifugation and filtration (deep bed, vacuum and pressure filtrations) and has many applications in
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mineral processing, paper industry, wastewater treatment and biotechnology.8, 10 A general laboratory
demonstration of a colloidal suspension before and after flocculation is shown in Figure 1.1 below.

Figure 1.1. Images taken of a colloidal clay suspension before (left) and after (right) the flocculation
process.

Chapter 1 is partially a review paper titled “Synthesis, properties and performance of organic polymers
employed in flocculation applications”, which was published in Polymer Chemistry in 2015.

In this paper, the synthesis technique and flocculation efficiency of several newly developed organic
polymeric flocculants were summarised and reported. In addition, a brief description on the four main
types of flocculants (non-ionic, cationic, anionic, and amphoteric), as well as the mechanisms of
flocculation were also discussed. The majority of recent flocculation studies had directed their focus
towards the modification of various natural polymers to enhance their shelf life and flocculation
efficiency. This would potentially allow these novel polymers to have comparable properties to the
current commercial ones, whilst maintaining their biodegradable characteristics.1 Several natural
polysaccharides were employed in these studies, which included starches, hydroxypropyl methyl
cellulose, chitosan, gums, agar, sodium alginate, dextran, dextrin, k-carrageenan, inulin, psyllium,
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oatmeal, barley, and tamarind kernel polysaccharide.1 Grafting of various monomers onto these
polysaccharides backbone were often done through the conventional redox grafting method or the
microwave assisted/initiated method. Gamma ray initiated polymerisation, ultraviolet initiated
polymerisation, free radical polymerisation, emulsion polymerisation, and inverse emulsion
polymerisation were also used to produce the grafted polysaccharides.

The grafted polymers in this review were observed to be in agreement with the Brostow, Pal and Sing
Model of Flocculation.13, 14 This model indicated that grafted polymers with larger hydrodynamic radius
would have higher flocculation efficiency. In addition, another model developed by the same group, the
Singh’s Easy Approachability Model stated that grafted polymers should have superior flocculation
efficiency compared to the original unmodified natural polymer.13, 14 This is attributed to the grafted
polymers having a comb-like structure, allowing the side chains to extend into the aqueous environment
to capture solid colloidal particles with significantly higher efficiency.1, 13 Hydrophobic monomers such
as methacryloxypropyl trimethoxysilane,15 vinyltrimethoxysilane,16 butylacrylate,17,

18,

19

and

dimethylbenzyl aminoethyl acrylate chloride20 were incorporated into the polymer chains to enhance
the flocculation efficiency. Utilisation of hydrophobic monomers resulted in an increase in the average
length of the polymer chain, which subsequently enabled better interaction between the hydrophobic
segments and the solid particles.1 The use of hydrophobic functional groups such as -SiOH also allowed
for crosslinking between the molecular chains, which resulted in a complex three dimensional network
and thus allowing for better containment of the colloidal particles.1, 15, 16 Some of the polymers reported
in the review article have shown comparable or even better flocculation efficiency compared to some
of the current commercial flocculants, and thus with further research, these polymers exhibit strong
potentials as efficient and sustainable flocculating agents in the near future.
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1.3. Research Background
Mining and minerals processing is one of the world’s leading chemical industries with a high and
continually growing demand. This industry generates up to thousands of tonnes of process streams and
effluent streams daily at each site, and therefore innovation in solid-liquid separation process is a critical
factor for the economic and environmental sustainability.8 The selection of a flocculant for mining
applications is difficult due to the complexity associated with the interaction between the flocculant
and the solid particles, as well as the characteristic of the aqueous effluents. 8 Table 1.1 below outlines
a few general guidelines for selection of optimal polymers based on various aqueous substrates.
Table 1.1. General guidelines for the selection of the optimal type of flocculant in mining applications.8
Quality of substrate

Type of flocculant

Acidic

Non-ionic or low anionic (less than 15 mol%) polymeric flocculants

(E.g. Copper, zinc, nickel leach slurries)

Neutral

Mid-range anionic (15-45 mol%) polymeric flocculants

(E.g. Coal tailings, sand and gravel effluents)

Highly alkaline

Highly anionic (larger than 45 mol%) polymeric flocculants

(E.g. Alumina refinery effluents)

From this general guidelines, non-ionic and anionic polymeric flocculants are observed to be frequently
used in mining applications. Non-ionic flocculants typically contain a small amount of anionic groups,
ranging from approximately 1 to 3% of overall ionisable functional groups. This almost-neutral overall
charge is attributed to a small degree of hydrolysis occurring during preparation and synthesis of the
polymers.21 Some examples of non-ionic flocculants are PAM, polyvinyl alcohol, polyvinyl pyrrolidone,
and polyethylene oxide (PEO) (Figure 1.2a).9 Polymerisation between acrylamide (AM) and acrylic acid
(AA) or its sodium salt is a common method used to synthesise anionic flocculant. Alternatively, other
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monomers such as methacrylic acid and 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPS) can also
be utilised to prepare a wide range of copolymers and terpolymers (Figure 1.2b).8, 9, 21, 22

Figure 1.2. Chemical structures of commonly used monomers for the synthesis of (a) non-ionic and (b) anionic flocculants.

Flocculation performance is dependent on several factors, acting individually or collectively. Salinity, pH,
agitation rate, and the flocculant’s characteristics such as charge density, molecular weight, and
concentration are a few of the many factors regulating the flocculation efficiency.3, 23, 24 Therefore,
various factors along with environmental considerations must be analysed prior to the selection of a
flocculant for a particular industrial application. Flocculation efficiency is often evaluated based on the
quality of the recovered water and the settlement rate of the flocs. Previous studies have shown that
there is a great difficulty in achieving high settling rate and high water quality simultaneously, as there
are many variables that could affect the performance of a flocculant.25 However, the trade-off between
the overflow’s clarity and the settlement rate of the flocs is often tolerated, depending on the type of
industrial application where flocculation is employed.

Recent mineral processing practices had directly employed seawater as the aqueous medium due to its
natural abundance and ability to increase flocculation efficiency. A comparison between saline and
freshwater tailings performed by Ji et al. showed a significantly higher quantity of Na+, K+, Mg2+, Ca2+,
and other heavy metals such as iron, nickel, copper, selenium and strontium.23 Although there had been
advances in mineral flotation using saline water, the knowledge on the influence of salinity is still
limited.23, 26 Multiple studies performed by Ji et al., Kim et al., and Portela et al. demonstrated an
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increase in the settling rate and/or a decreased in the turbidity as the salinity increased.23, 26, 27 With an
optimal increase in the salt concentration, the electrical double layer was compressed, which
consequently destabilise the suspension to promote efficient flocculation. 23, 28 Rogan stated that this
was only accurate for low ionic strength solutions (ionic strength less than 0.01) where the polymer
elongated and expanded due to intramolecular electrostatic repulsion.29 With high salinity solution
(ionic strength more than 0.10), the presence of dissolved salts shielded active groups on the polymer,
resulted in a condensed conformation of the flocculant.29, 30, 31 Consequently, this imposed a negative
impact on the solvency, bridging efficiency, viscosity and dispersion capability of the polymer. 29, 32
Mining-impacted water often contains high quantity of divalent cations such as Ca2+ and Mg2+. Although
these cations had been known improve flocculation through various enhancement of the adsorption
process.8, 33, 34, 35 A few studies had found that high levels of dissolved calcium and magnesium salts
inflicted detrimental effects on the properties and efficiency of a flocculant itself.32 Liu et al. determined
that the recovery rate of bottom concentrate following flocculation was lower in hard water compared
to that of soft water.36 This was attributed to the competitive attachment of Ca2+ and Mg2+ on the active
sites of the flocculants, thereby resulted in poor adsorption of polymer onto the suspended particles. In
addition, with respect to monovalent cations, cations with higher valency were shown to have greater
effects on the settling rate of the bottom concentrate.36
Witham et al. also claimed divalent cations (Ca2+ and Mg2+) inflicted a negative effect on the flocculant
efficiency in a dilute solution, with Ca2+ being more dominant compared to Mg2+.32 The settling rate was
observed to approach a plateau when the concentration of Ca2+ was increased. Furthermore, there was
a larger influence on the settling rate when high charge density anionic flocculants was used compared
to a low anionic flocculant.32 However, there was a conflict between the results obtained by Witham et
al. and older studies conducted by Henderson and Wheatley, which showed the presence of cations
(Na+, K+, Ca2+, Mg2+, Zn2+, Cu2+, Pb2+, Al3+, and Fe3+) only imposed significant effects on concentrated
solution (30% w/v) of flocculant and not the diluted solution (0.2% w/v).32, 37, 38 Witham et al. suggested
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that the reason for this conflict in results was due to excessive shear effects in batch testings performed
in the older studies, which lead to loss of sensitivity in flocculation.32

Multivalent cations were also known to interact with the carboxylate functional group on the polymer
chain, which lead to precipitation and formation of insoluble polyacrylate species.39 The results from a
study conducted by Boisvert et al. claimed out of the three cations used (Ca2+, Mg2+, and Ba2+), Ba2+ had
the highest affinity to form polymeric complexes through interactions with the acrylate group,
subsequently followed by Ca2+ and Mg2+, respectively. The formation of insoluble species was concluded
to be dependent on the hydration energy; a stronger interaction between the polymer and the cation
was observed when the cation possessed a lower hydration energy, and vice versa.39
In a comparison between Na+ and Ca2+, Huber stated Ca2+ ion binding to polyacrylate was much stronger
compared to that of Na+.40 This was explained by the higher degree of neutralisation in Ca2+, which
pointed to additional intramolecular bridging (COO--Ca2+--OOC) and thus resulted in a higher propensity
for precipitate formation. When the binding capacity of the polymer was exceeded, the interaction
between Ca2+ and polyacrylate resulted in precipitation of insoluble calcium polyacrylate salts.40 Similar
findings were obtained by Peng and Di44, which indicated deterioration in flocculant efficiency caused
by two Ca2+ species (Ca2+ ion and CaOH+ ion, with Ca2+ ion being the predominant species) to form –
(COO)2Ca and –COOCa(OH), respectively.41 The binding caused a change in polymer conformation due
to weaken repulsive forces between anionic functional groups, which eventually lead to precipitation
and formation of insoluble hydroxyl complexes.41 Therefore, it is evident that the interaction between
multivalent cations and the anionic functional groups on the polymer chain is unavoidable and remains
a difficult challenge to overcome.
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1.4. Research Objectives
This industry-based research project is a collaboration between Monash University and BASF Australia,
with a primary focus on the development of novel anionic polymers with potential flocculation
applications in mining and minerals processing. As mentioned previously, mining-impacted water with
significantly high ionic content can have a negative effect on the flocculation efficiency of the anionic
flocculants. The interactions between multivalent cations and the anionic functional groups on the
polymer chain would lead to shielding of these active groups and hence a condensed polymer
conformation (Figure 1.3a). In addition, intramolecular crosslinking associated with the multivalent
cations could lead to the formation of insoluble polyacrylate species. Consequently, this interaction
renders the anionic polymers inefficient or inactive for the flocculation process. Therefore, to address
this challenge and narrow the research gap, the main objective of this research project is to design and
develop novel anionic polymers with improved stability in high ionic strength environments, whilst still
exhibiting a comparable or better flocculation efficiency compared to the current commercial
flocculants.

To address this research objective, the first part of this project was aimed towards the synthesis,
purification, and characterisation of a series of ultra-high molecular weight (UHMW) ABA triblock
copolymers and star-shaped AB block copolymers. The A and B blocks represent anionic and non-ionic
blocks derived from AA and AM, respectively. The second part of the project involves the flocculation
efficiency analysis of the aforementioned copolymers, with direct comparison to control copolymers
bearing similar molecular weights that are also representative of current commercial flocculants. To the
best of our knowledge, the use of ABA triblock and star-shaped block copolymers as industrial
flocculants is a novel concept, particularly in high ionic strength environment. Very little work in the
field has directly focused on exploiting the architecture of the copolymers in general for flocculation
analysis. In addition, none have used the controlled radical polymerisation techniques outlined in this
thesis to create advanced polymers for employment as flocculants.
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environment, and conversely the stability of (b) ABA triblock and (c) star-shaped block architectures.

Due to the precise architecture of these UHMW ABA triblock and star-shaped block copolymers, the
interactions between the multivalent cations within the aqueous environment and the polymeric chain
would be reduced and localised to the anionic terminals (Figure 1.3b and c, respectively). The highly
water-soluble non-ionic B block at the centre of the chain would stabilise the overall solubility of the
polymer even if the terminal anionic blocks were compromised by multivalent cations. Consequently,
these polymers were hypothesised to have better solubility in high ionic strength environment
compared to commercial anionic flocculants, which typically exhibit random copolymer architecture.
The unique properties obtained from these polymers would have the potential to address the problems
associated with poor flocculation efficiency observed in high ionic strength environments.

| 27

Chapter 1

1.5. Thesis Outline
Chapter 1 of the thesis provides a general overview on the field of flocculation, mechanisms of
flocculation, and its applications. In addition, this chapter also includes a review paper which outlined
the synthesis technique and flocculation efficiency of several newly developed organic polymeric
flocculants. The review paper is titled “Synthesis, properties and performance of organic polymers
employed in flocculation applications” and it is separated into four main sections to depict the four main
types of flocculants: non-ionic, cationic, anionic, and amphoteric. The last section of this chapter
explains the research background, which focuses on the negative impact that multivalent cations have
on the flocculation efficiency of anionic flocculants, and consequently how this challenge can be
addressed through the main objectives of this research project.

Chapter 2 is a research paper titled “Synthesis of ultra-high molecular weight ABA triblock copolymers
via aqueous RAFT-mediated gel polymerisation, end group modification and chain coupling”. This paper
described a three-step synthetic pathway to create a series of UHMW ABA triblock copolymers (ABA1 –
ABA8). This was initially achieved through a sequential RAFT-mediated gel polymerisation technique to
synthesise the UHMW AB diblock copolymers derived from AA and AM monomers. The final stage
involved the end-group modification of these polymers via an aminolysis process to allow for
spontaneous chain coupling under oxidative environment, which led to the formation of the UHMW
ABA triblock copolymers.

Chapter 3 is a submitted manuscript titled “Enhanced flocculation efficiency in high ionic strength
environment by the aid of anionic ABA triblock copolymers”. This paper described the use of the
aforementioned ABA triblock copolymers (ABA1 – ABA8) in Chapter 2 to flocculate high ionic strength
kaolin clay slurries at three different Ca2+ concentrations of 0.05 M, 0.10 M, and 0.50 M. The flocculation
efficiency of these ABA triblock copolymers was compared against three control polymers with similar
molecular weight: homopolymer of AA (PAA), homopolymer of AM (PAM), and random copolymer of
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AA and AM (RAB). Two different methodologies of flocculation involving cylinder settling tests and
turbulent pipe flow with focused beam reflectance measurement were employed. The former was used
to analyse the flocculation efficiency, whilst the latter was employed to understand the flocculation
mechanism and aggregate profile.

Chapter 4 is a submitted manuscript titled “Synthesis of UHMW star-shaped AB block copolymers and
their flocculation efficiency in high ionic strength environments”. The first part of this manuscript focused
on the synthesis and characterisation of a series of UHMW 4-arm star-shaped block copolymers (4ABA1 – 4A-BA6). The second part employed these star-shaped block copolymers for flocculation analysis
in high ionic strength kaolin slurries (0.05 M, 0.10 M, and 0.50 M). Cylinder settling test was employed
as the main methodology to determine the flocculation efficiency. Similarly to Chapter 3, the
flocculation efficiency of these star-shaped copolymers were directly compared against the control
polymers PAA, PAM, and RAB. The final part of this chapter also outlines the attempts in creating 4-arm
star-shaped block copolymers based on the existing AB diblock copolymers described in Chapter 2.

Chapter 5 concludes the thesis by providing a summary of the main scientific findings obtained from this
research project. In addition, this chapter also provides practical suggestions that this research project
could take on in the future to further narrow the research gap and address the research problem in a
more efficient manner.
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Chapter 2
Synthesis of Ultra-high Molecular Weight ABA Triblock Copolymers via Aqueous
RAFT-mediated Gel Polymerisation, End Group Modification and Chain Coupling

2.1. General Overview
Chapter 2 is a journal paper titled “Synthesis of ultra-high molecular weight ABA triblock
copolymers via aqueous RAFT-mediated gel polymerisation, end group modification and chain
coupling”, which was published in Polymer Chemistry in 2017.
In this chapter, the design and synthesis of a series of UHMW ABA triblock copolymers derived
from AA and AM monomers were investigated and hereby discussed. A simple two-stage
aqueous RAFT-mediated gel polymerisation technique was initially used to synthesise high
molecular weight AB diblock copolymers with low dispersities (Đ < 1.50). The use of said gel
polymerisation method in combination with a redox initiation system allowed for the rapid
chain propagation of water-soluble monomers under low reaction temperatures (below
ambient). However, poor propagation efficiency was observed when RAFT polymerisation was
once again employed to integrate the third A block into the polymer chain. Alternatively, these
AB diblock copolymers were subsequently used in the final aqueous aminolysis stage where the
thiocarbonylthio terminal was converted to thiol functionality, which spontaneously coupled
under oxidative condition to form disulfide bridges between the AB diblock copolymers to
produce the final UHMW ABA triblock copolymers (ABA1 – ABA8). The overall schematic for
this three-stage synthetic process is shown in Figure 2.1.
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Figure 2.1. Overall schematic for the synthesis of the UHMW ABA triblock copolymers.
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2.2. Research Paper ‘Polymer Chemistry, 2017, 8, 6834-6843’
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2.4. Appendix
2.4.1. Isolation yields of the ABA triblock copolymers

The final isolation yield and mass percentages of the ABA triblock copolymers and their precursor
polymers (A block polymers and AB diblock copolymers) are shown in Table 2.1 below.
Table 2.1. Isolation yields (in mass and weight percentage) of the ABA triblock copolymers and their
precursor polymers.
A Block Polymers

AB Diblock Copolymers

ABA Triblock Copolymers

Entry
(g)

(%)

(g)

(%)

(g)

(%)

1

1.7

51

1.2

36

2.5

63

2

1.6

48

0.8

24

2.8

71

3

1.6

49

0.9

27

2.6

65

4

1.8

55

0.8

23

2.7

67

5

1.7

52

0.7

37

2.5

62

6

1.8

54

0.5

15

2.6

65

7

1.6

50

0.5

14

2.8

71

8

1.9

57

0.4

12

2.4

61

2.4.2. Controlled synthesis of an ABA triblock copolymer by RAFT polymerisation

Prior to creating the aforementioned ABA triblock copolymers via aminolysis and chain coupling, the
use of sequential RAFT polymerisation based on the existing AB diblock copolymers was explored. This
reaction step involved a chain extension of an existing AB diblock copolymer chain with AA, to form the
desired ABA triblock copolymer. An AB diblock copolymer with Mn of 626 kDa (Ð = 1.46) was employed
as the macro-CTA for this experiment. The targeted degree of polymerisation of AA was approximately
31,300. A [Macro-CTA]:[APS]:[SFS] ratio of 6:1:1 was selected for this polymerisation. However, poor
monomer conversion of 4% was obtained and a drop in the Mn to 566 kDa (Ð = 1.80) was observed. As
mentioned previously, this decrease in the molecular weight was attributed to a broad molecular weight
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distribution. Along with the low monomer conversion, this indicated a poor control over the
polymerisation efficiency. The high molecular weight of the AB diblock macro-CTA had an important
role to play in this poor efficiency. The conformation of the polymer chain would lead to steric hindrance
at the active thiocarbonylthio functionality, which consequently resulted in inefficient polymerisation.
In addition, the large quantity of macro-CTA required to build a small third block onto the polymer chain
contributed to the high viscosity of the reaction mixture, which would drastically slowed down the
diffusion of monomeric species. The combination of slow diffusion rate and steric hindrance of the
active site were major factors that led to the low monomer conversion.
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Chapter 3
Enhanced Flocculation Efficiency in High Ionic Strength Environment by the Aid of
Anionic ABA Triblock Copolymers

3.1. General Overview
Chapter 3 is a manuscript titled “Enhanced flocculation efficiency in high ionic strength environment by
the aid of anionic ABA triblock copolymers”, which was submitted to Langmuir in 2019.

In this chapter, the UHMW ABA triblock copolymers (ABA1 – ABA8) previously synthesised in Chapter 2
were employed to flocculate high ionic strength kaolin clay slurries possessing three different
concentrations of Ca2+ (0.05 M, 0.10 M, and 0.50 M). In addition, three control copolymers
(homopolymer of acrylic acid, homopolymer of acrylamide, and random copolymer of acrylic acid and
acrylamide) with similar molecular weights were synthesised and also employed as flocculating agents.
The architectures of these control copolymers are representative of current commercial flocculants and
thus allowed for direct comparison with the ABA triblock copolymers, where the primary focus was
placed on the advancement in the architecture.

Flocculation analysis was initially performed by cylinder settling tests. The flocculation efficiency of the
ABA triblock copolymers were considered promising as faster settlement rates of the flocculated
aggregates were observed, particularly at higher Ca2+ concentration. In addition, the supernatant
turbidity values obtained from the ABA triblock copolymers were relatively lower than that of the
control copolymers across all three concentrations of Ca2+. Based on these results, focused beam
reflectance measurement was utilised as a supplementary method to gain a better understanding of
the flocculation mechanism and the aggregate profile.

| 69

Chapter 3

3.2. Research Paper ‘Langmuir, 2019, submitted manuscript’
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Chapter 4
Synthesis of UHMW Star-shaped AB Block Copolymers and their Flocculation
Efficiency in High Ionic Strength Environments

4.1. General Overview
Chapter 4 is a manuscript titled “Synthesis of UHMW Star-shaped AB Block Copolymers and their
Flocculation Efficiency in High Ionic Strength Environments”, which was submitted to Macromolecules
in 2019.

In this chapter, the synthesis, characterisation, and flocculation of a series of UHMW star-shaped AB
block copolymers (4A-BA1 – 4A-BA6) were reported. Similarly to the ABA triblock copolymers, the
anionic blocks derived from acrylic acid was localised to the terminals of the polymer chain, while the
non-ionic block derived from acrylamide remained at the centre. Flocculation analysis was performed
in high ionic strength kaolin slurries with three different Ca2+ concentrations of 0.05 M, 0.10 M, and 0.50
M. The flocculation efficiency of these star-shaped copolymers were evaluated solely by cylinder settling
tests. Their settlement rate and supernatant turbidity data were directly compared to the same control
polymers (homopolymer of acrylic acid, homopolymer of acrylamide, and random copolymer of acrylic
acid and acrylamide) described in Chapter 3. The settlement rates obtained from the star-shaped
copolymers were lower compared to those of the control polymers, while the supernatant turbidity
values remained relatively low, particularly at high Ca2+ concentrations. Overall, these star-shaped
copolymers showed promising potentials for flocculation applications in high ionic strength
environment.

| 119

Chapter 4

4.2. Research Paper ‘Macromolecules, 2019, submitted manuscript’
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4.4. Appendix
Prior to the successful synthesis of the star-shaped block copolymers (SAB1 – SAB6) using RAFT
polymerisation with the aid of a 4-arm star-shaped chain transfer agent (4A-CTA), a series of other
experiments were performed to create the star-shaped block copolymers by other methodologies.
These employed the existing AB diblock copolymers (AB1 – AB8) synthesised in Chapter 2 as the initial
building block. The living terminal thiocarbonylthio functionality on the polymer chain was converted
into a thiol moiety through a simple aminolysis procedure under inert conditions. The thiol-terminated
AB diblock copolymer was then subjected to a coupling process with different 4-arm star polyethylene
glycol (PEG) polymers bearing active terminal functionalities (Figure 4.1).

Figure 4.1. Schematic for the reaction between the AB diblock copolymers and multifunctional 4-arm
PEG star polymers.
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Three different synthetic pathways classified as thiol-ene, thiol-norbornene, and thiol-epoxy reactions
were employed in an attempt to synthesise the desired 4-arm well-defined star-shaped copolymers.
This general approach was selected as it was hypothesised to be an efficient pathway by utilising the
pre-existing AB diblock copolymer. However, these types of reactions were proven to be difficult to
achieve despite their high reactivities and fast reaction kinetics. This was primarily attributed to the
steric hindrance due to the high molecular weight of the AB diblock copolymers and thus these methods
were deemed to be unsatisfactory. This Appendix section outlined the prominent attempts of employing
thiol-ene, thiol-norbornene, and thiol-epoxy methods to create the desired 4-arm star-shaped block
copolymers.

4.4.1. Synthesis of 4-arm star-shaped copolymers via thiol-ene reactions

Prior to the coupling stage, the thiocarbonylthio functionality on the AB diblock copolymer chain was
converted into a thiol via an aminolysis step under inert conditions to prevent disulfide couplings. Due
to the weak sulfur-hydrogen bonding, this allows for fast couplings with other active functionalities
under mild conditions. Thiol-ene click chemistry was initially selected for the synthesis of the desired
star-shaped block copolymers due to its high efficiency and versatility. Once created, the thiolterminated was then subjected to thiol-ene coupling by Michael-addition reaction with a commercially
available 4-arm star PEG-acrylamide polymer (PEG-AM). The reaction schematic for this thiol-ene
coupling process is shown in Figure 4.2.
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Figure 4.2. General reaction schematic for the synthesis of 4-arm star-shaped block copolymers via thiolene reaction.

Initial thiol-ene experiments were conducted using a trial AB diblock copolymer with molecular weight
of approximately 50 kDa, rather than the pre-existing AB diblock copolymers synthesised in Chapter 2
(molecular weights of approximately 500 kDa). The reason behind this was to determine the rough
reaction conditions to achieve optimal coupling. In addition, these test experiments would determine
whether the Michael-addition reaction would be suitable for these high molecular weight polymers.

Several trial thiol-ene experiments were performed with varying reaction conditions. Both the
aminolysis and coupling steps were performed concurrently as a one-pot synthesis initially. Due to its
lack of success, the aminolysis and coupling steps were then performed sequentially in one-pot, as well
as sequentially in two separate reaction flasks. However, one of the main undesired reactions that would
occur with the aminolysis step was disulfide coupling. Therefore, in addition to deoxygenation by argon
bubbling, tris(2-carboxyethyl)phosphine (TCEP) was employed to aid with the reduction of unwanted
disulfide linkages. A summary of the noteworthy thiol-ene experiments is shown in Table 4.1.
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6

5

4

3

2

1

Entry

(Đ = 1.21)

5:1
(Đ = 1.30)

3.87
5:1

4.07
Sequentially in separate pots

(Đ = 1.28)

(Đ = 1.21)

5:1

3.97
5:1

4.07
Sequentially in one-pot

(Đ = 1.29)

(Đ = 1.21)

5:1

3.95
5:1

4.07
One-pot

(Đ = 2.28)

(Đ = 1.37)

100:1

54.7
20,000:1

50.7
Sequentially in separate pots

(Đ = 1.38)

100:1

(Đ = 1.37)

20,000:1

58.2

Final Mn,SEC (kDa)

66.3
Sequentially in one-pot

100:1

[TCEP]:[C=S]

50.7

20,000:1

[BuNH2]:[C=S]

(Đ = 1.49)

One-pot

Type of Synthesis

(Đ = 1.37)

50.7

Mn,SEC of AB Diblock (kDa)

Table 4.1. Thiol-ene couplings between thiol-terminated AB diblock copolymers and a 4-arm star PEG-acrylamide polymer (Mn = 2,000 Da).
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The thiol-ene coupling reactions were performed with an AB diblock copolymer loading of 0.5 wt%. This
concentration was assigned to be similar to that of the aminolysis reactions for the synthesis of the ABA
triblock copolymers (Chapter 2). The ratio between n-butylamine and the thiocarbonylthio functionality
was fixed at an optimal ratio of 20,000:1 due to the high molecular weight of the thiol-terminated AB
diblock copolymer (50.7 kDa). However, for the lower molecular weight species (4.07 kDa), this ratio
was brought down to 5:1 as the excess quantity of n-butylamine was hypothesised to be unnecessary
for optimal conversion. As for the ratio of TCEP to the thiocarbonylthio functionality, this ratio was also
brought down from 100:1 to 5:1 with the decrease in the molecular weight of the AB diblock copolymer.

As observed in Table 4.1, the small changes in the molecular weight before and after the thiol-ene
reaction indicated unsuccessful coupling. In the one-pot synthesis, the molecular weight increased to
58.2 kDa from 50.7 kDa. This increment was slightly better (up to 66.3 kDa) when the thiol-terminated
polymer was synthesised first, prior to introducing PEG-AM in the same reaction mixture. When these
two reactions were performed separately, only a slight increase the molecular weight was observed
(54.7 kDa) alongside a broader molecular weight distribution.

When a lower molecular weight polymer was employed, all three types of reaction displayed minimal
changes. These poor results were possibly attributed to the high molecular weight of the polymer.
Coiling effects would result in shielding of the active functional groups on both the AB diblock copolymer
and PEG-AM, which most likely inhibited the coupling reaction. In addition, results obtained from the
lower molecular polymer indicated that this type of coupling was unsuitable, due to slow reaction
kinetics.

4.4.2. Synthesis of 4-arm star-shaped copolymers via thiol-norbornene reactions

A different reaction pathway was sought out to synthesise the desired star-shaped copolymers. This
involved the use of the highly reactive norbornene functionality. Light-mediated thiol-norbornene
reactions have the potential to reach near-quantitative conversion due to relief of the norbornene ring
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strain. Consequently, a coupling strategy between the AB diblock copolymers and the 4-arm star PEGnorbornene (PEG-NBN) was employed at various reaction conditions (Figure 4.3). Lithium phenyl-2,4,6trimethylbenzoylphosphinate (LAP) was employed as the photoinitiator for this reaction.

Figure 4.3. General reaction schematic for the synthesis of 4-arm star-shaped block copolymers via thiolnorbornene reaction.

The thiol-norbornene coupling was initially performed in a small UV-crosslinker with five 365 nm lamps.
The reaction was later on performed in a larger UV-reactor with 16 365 nm lamps to see the effect of
higher intensity on the coupling efficiency. Due to its high reactivity, a short initial irradiation time of 10
minutes was applied to the reaction mixture. Further irradiation was applied for another 20 minutes to
allow for comparison between different irradiation times. The concentration of LAP was maintained at
2.2 mM in all the thiol-norbornene reactions as this concentration was optimal and typical in previous
studies. A summary of the noteworthy thiol-norbornene experiments is shown in Table 4.2.
The thiol-norbornene reactions were conducted using thiol-terminated AB diblock copolymers
produced from a separate aminolysis reaction. Unlike the thiol-ene reactions, the reactants (AB diblock
copolymer and PEG-NBN) loading for the coupling was fixed at approximately 10 wt%. An initial trial
experiment with a short chain polymer (Mn,SEC of 4.07 kDa) showed a drop in the overall molecular
weight to 1.09 kDa after 10 minutes of irradiation. This decrease was a result of a high molecular weight
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shoulder observed in the overall molecular weight distribution of the final product. The molecular
weight of this shoulder was determined to be approximately four times larger than that of the AB diblock
copolymer. It was suspected that this peak represented the coupled star product. However, the
intensity of this peak was approximately one third compared to the original AB diblock copolymer, which
indicated incomplete coupling. A further 20 minutes of irradiation did not change the molecular weight
distribution. This implied that the initial 10 minutes of irradiation completely consumed the LAP
photoinitiator present in the reaction mixture.
The same reaction conditions was applied to another AB diblock copolymer with slightly higher
molecular weight (Mn,SEC of 7.50 kDa). This time, the overall molecular weight increased to 12.6 kDa.
Similar molecular weight distributions were observed where a high molecular weight peak was obtained
after irradiation. This peak was determined to be six times the original molecular weight of the AB
diblock copolymer. However, the coupling efficiency was still low, and further irradiation did not affect
this.
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12

11

10

9

8

7

Entry

(Đ = 1.25)

2.2
(Đ = 1.84)

10.1
30

7.50
16 × 8 W

(Đ = 1.73)

(Đ = 1.25)

2.2

10.4
10

7.50
16 × 8 W

(Đ = 2.02)

(Đ = 1.25)

2.2

12.6
30

7.50
5×8W

(Đ = 2.00)

(Đ = 1.25)

2.2

12.6
10

7.50
5×8W

(Đ = 8.03)

2.2

(Đ = 1.21)

30

1.09

Final Mn,SEC (kDa)

1.07
5×8W

2.2

[LAP] (mM)

4.07

10

Irradiation Time (mins)

(Đ = 7.89)

5×8W

Irradiation Intensity (W)

(Đ = 1.21)

4.07

Mn,SEC of AB Diblock (kDa)

Table 4.2. Thiol-norbornene couplings between thiol-terminated AB diblock copolymers and a 4-arm star PEG-norbornene polymer (Mn = 5,000 Da).
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It was suspected that the intensity of the irradiation had an important role in this coupling process.
Therefore, the same reaction was repeated in a large UV-reactor with triple the UV-intensity. However,
despite the new set-up and the amplified irradiation intensity, minimal changes in the results were
observed. This new set-up led to a smaller increase to the overall molecular weight. The relative
intensity of the high molecular weight shoulder was observed to be less than one third compared to the
AB diblock copolymer. Although there were improvements in the results with respect to thiol-ene, the
coupling efficiency was still inadequate. This would also drastically decrease if the thiol-norbornene
methodology was applied to a polymer with molecular weight of at least 500 kDa. Therefore, another
coupling technique was employed to synthesise the desired star-shaped copolymers at higher efficiency.

4.4.3. Synthesis of 4-arm star-shaped copolymers via thiol-epoxy reactions

After the unsuccessful attempts with the thiol-norbornene strategy, a 4-arm star PEG-epoxide polymer
(PEG-EPX) was employed. The thiol-epoxy method was selected due to its high yield and high
regioselectivity under ambient conditions. This method did not require an photoinitiator like the thiolnorbornene method. Lithium hydroxide is typically used as the base catalyst in the thiol-epoxy reaction
and thus it was employed in this study. Glutathione was initially employed to test the viability of this
reaction, subsequently followed by higher molecular weight AB diblock copolymers (7.50 or 751 kDa).
The overall schematic for the thiol-epoxy process is shown in Figure 4.4.
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Figure 4.4. General schematic for the synthesis of 4-arm star-shaped block copolymers via thiol-epoxy
reaction.

The thiol-epoxy reactions were conducted using thiol-terminated AB diblock copolymers produced from
a separate aminolysis reaction. The concentration of the reactants (AB diblock copolymer and PEG-EPX)
was initially maintained at 5 wt%. The ratio between lithium hydroxide and the thiol functionality was
varied based on the molecular weight of the thiol-terminated species. A summary of the noteworthy
thiol-epoxy experiments is shown in Table 4.3.

The initial trial experiment with glutathione and a short chain PEG-EPX (Mn of 600 Da) was successful.
1

H NMR data confirmed successful coupling of all four terminals on the PEG-EPX to four molecules of

glutathione. This reaction was performed at room temperature with a lithium hydroxide to thiol ratio
of only 0.3:1. Based on this result, similar reaction conditions were employed for the coupling between
a high molecular weight AB diblock copolymer (Mn,SEC of 7.50 kDa) and PEG-EPX (Mn of 2,000 Da). The
ratio between lithium hydroxide to thiol was increased to 72:1 for two reasons. The high molecular
weight of the AB diblock copolymer led to coiling effects on the polymer chain, which had the potential
to shield the active thiol functionality from interacting with the base. In addition, the A block comprised
of acidic carboxyl functionality which would also interact with the base. Therefore, the concentration of
lithium hydroxide was increased in excess to counteract these problems.
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As observed in Table 4.3, the overall molecular weight of the AB diblock copolymer increased from 7.50
kDa to 10.4 kDa after the coupling process. This final overall molecular weight was lower than what was
theoretically expected due to a bimodal molecular weight distribution. The high molecular weight peak
had a slightly lower intensity compared to that of the low molecular weight, which indicated incomplete
coupling. Consequently, the concentration of the reactants were subsequently reduced to 1 wt% from
5 w % to reduce any negative effects associated with the viscosity of the reaction mixture.
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16

15

14

13

Entry

(Đ = 1.25)

20,000:1
(Đ = 2.01)

892
25

751
1

(Đ = 1.50)

72:1

(Đ = 1.25)

25

10.4

N/A

Final Mn,SEC (kDa)

14.6
1

72:1

0.3:1

[LiOH]:[SH]

7.50

25

25

Reaction Temperature (°C)

(Đ = 1.75)

5

5

(wt%)

Concentration of Reactants

(Đ = 1.25)

7.50

(MW = 307 Da)

Glutathione

Mn,SEC of AB Diblock (kDa)

Table 4.3. Thiol-epoxy coupling reactions between thiol-terminated AB diblock copolymers and 4-arm star PEG-epoxide polymers (Mn = 600 or 2,000 Da).
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With a decrease in the concentration of the reactants, a slightly larger increase in the overall molecular
weight was observed. This corresponded to a final overall molecular weight of approximately 14.6 kDa
rather than 10.4 kDa when 5 wt% of reactants were employed. A bimodal molecular weight distribution
was still present. However, the intensity of the higher molecular weight peak was higher compared to
that of the lower molecular weight species. Theoretical calculations based on the 1H NMR data was also
indicative of this. At a reactants concentration of 5 wt%, the ratio of attachment of the AB diblock
copolymer onto the PEG-EPX core was determined to be only approximately 1.3:1. With a lower
reactants concentration of 1 wt%, this ratio increased to 1.7:1. This indicated that the coupling was
slightly more successful with this decrease in the reactant concentration. Despite this, the coupling
efficiency was still inadequate.
The thiol-epoxy method was also employed on an AB diblock copolymer with Mn,SEC of 751 kDa. The
reactants concentration was maintained at 1 wt%. This reaction led to an increase in the overall
molecular weight up to 892 kDa. Based on the 1H NMR data, the attachment ratio between the AB
diblock copolymer and the PEG-EPX was determined to be 1.3:1. These results confirmed that coupling
was significantly more difficult when the AB diblock copolymer had a larger molecular weight. Despite
best efforts at attaching the thiol-terminated AB diblock copolymer onto a multifunctional star-shaped
core, the coupling efficiency was inadequate throughout all three different methods. The molecular
weights of the final products were insufficient for flocculation comparison with the ABA triblock
copolymers. Therefore, these three methodologies were determined to be unsuccessful. The high
molecular weight of the pre-existing AB diblock copolymers made it difficult for coupling. Consequently,
it was determined that better success would be achieved if the star-shaped copolymers were
synthesised from the very beginning.
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Conclusions and Outlooks

5.1. Project Conclusions
This thesis has presented and discussed the developments and flocculation testings of several welldefined ultra-high molecular weight (UHMW) anionic polymers with advanced architectures, which
were derived from acrylic acid (AA) and acrylamide (AM) monomers. Two different types of
architectures were targeted: ABA triblock copolymers and star-shaped AB block copolymers. The anionic
A block was designed to be located at the terminals, while the non-ionic B block remained at the centre
or core of the polymer chain.

Eight different UHMW ABA triblock copolymers (ABA1 – ABA8) were synthesised and characterised as
discussed in Chapter 2. The overall molecular weights of these ABA triblock copolymers were targeted
to be approximately 1 MDa. These ABA triblock copolymers were synthesised in a three-stage process.
The first of which employed an aqueous RAFT-mediated gel polymerisation process, where eight
different living homopolymers of AA were created with molecular weights ranging from 5.21 kDa to 173
kDa (Đ < 1.20). The second stage used the same RAFT polymerisation process and the living
homopolymers as the macro chain transfer agent to extend the polymer chain with AM. Several reaction
conditions were employed to achieve optimal growth in the molecular weight, due to inefficient chain
extension associated with the macro-CTAs possessing high molecular weights. Consequently, this led to
the synthesis of eight different UHMW AB diblock copolymers with molecular weights of approximately
500 kDa (Đ < 1.50).
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RAFT polymerisation was once again employed to incorporate a third block onto the polymer chain.
However, due to the high molecular weight of the AB diblock copolymers, the chain extension efficiency
was inadequate. Therefore, an aminolysis process was utilised to convert the thiocarbonylthio
functionality on the polymer chain into a thiol. Under optimal oxidation conditions, these thiol
functionalities coupled to form the desired ABA triblock copolymers with molecular weights ranging
from 967 kDa to 1.21 MDa (Đ < 1.70).

In Chapter 3, the novel UHMW ABA triblock copolymers were tested for their flocculation efficiencies
in high ionic strength kaolin slurries, where three different concentrations of Ca2+ (0.05 M, 0.10 M, and
0.50 M) were employed. Three control polymers (homopolymer of AA, PAA; homopolymer of AM, PAM;
and random copolymer of AA and AM, RAB) were also synthesised. Polymer RAB possessed an
architecture that is comparable to that of commercial flocculants and thus was created and utilised for
direct flocculation comparison with the ABA triblock copolymers.

Cylinder settling tests were performed initially where the settlement rates and the supernatant turbidity
were evaluated as the flocculant dosage increased from 17 to 67 g/tds. The ABA triblock copolymers
were able to flocculate the kaolin suspension consistently even with a high concentration of Ca2+,
whereas the flocculation efficiency of RAB deteriorated rapidly with the same increase in the level of
Ca2+. In addition, the ABA triblock copolymers were able to clarify the colloidal suspension efficiently,
where the supernatant turbidity values obtained were lower than those of RAB across all three
concentrations of Ca2+ employed. Consequently, turbulent pipe flow with an in-line FBRM probe was
utilised as a supplementary method to gain a better understanding of the flocculation mechanism and
the aggregate profile. It was observed that the aggregation induced by RAB was significantly affected by
the excess level of cations, whereas the ABA copolymers were relatively unaffected. In addition, the
aggregate profile showed that these ABA triblock copolymers targeted smaller colloidal particles, which
consequently led to better clarification of the slurry.
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Deviating away from ABA triblock copolymer architecture, Chapter 4 focused on the synthesis and
flocculation analysis of six 4-arm star-shaped AB block copolymers (SAB1 – SAB6). A three-stage
procedure was required to synthesise these polymers. A 4-arm star RAFT agent (4A-CTA) was
synthesised and used as the initial chain transfer agent. The star-shaped block copolymers were
subsequently created using the same aqueous RAFT-mediated gel polymerisation process employed for
the synthesis of the ABA triblock copolymers. Cylinder settling tests in high ionic strength kaolin slurry
(Ca2+ concentrations of 0.05 M, 0.10 M, and 0.50 M) were once again performed with flocculant dosages
ranging from 17 to 67 g/tds. The flocculation efficiencies of the star-shaped block copolymers were also
directly compared to those of the control polymers PAA, PAM, and RAB. While the flocculation efficiency
of RAB diminished rapidly with the increase in the concentration of Ca2+, the star-shaped block
copolymers also exhibited strong stability under high ionic strength environments.

To this end, the well-defined UHMW ABA triblock and star-shaped copolymers developed in this project
showed promising efficiencies as polymeric flocculants in high ionic strength environments. With
further developments and flocculation testings, these polymers could have the potential to be
implemented into current industrial applications of flocculation.
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5.2. Project Outlooks
The effect of multivalent cations on the flocculation efficiency of anionic polymer flocculants is well
studied. However, little work has been done to develop a solution that can comprehensively address
this problem. There are several potential pathways this project could adopt in the future to further
narrow the research gaps associated with this challenge.

All of the polymers developed in this project had molecular weights of approximately 1 MDa. While this
is considered as UHMW, polymers currently being employed in commercial applications can have
molecular weights going up to 20 MDa. The synthesis of ultra-high molecular weight polymers using
reversible-deactivation radical polymerisation (RDRP) processes is currently known to be challenging,
particularly for those with complex architectures. However, if polymers with well-defined advanced
architectures can be developed at high molecular weights (ranging from 5 to 20 MDa), this would unlock
promising potentials for the field of flocculation, while also advancing the field of controlled radical
polymerisation. RDRP processes can also be employed to create similar molecular weight polymeric
flocculants with low (Đ  1-2), medium (Đ  4-5), and high dispersity (Đ > 10). This would allow for a
comprehensive study on the effect of dispersity on the flocculation efficiency of block copolymers.

In addition to higher molecular weights, other monomers can be explored in the synthesis of the ABA
triblock copolymers and the star-shaped AB block copolymers. For example, polyethylene oxide can be
used to substitute for acrylamide, whilst 2-acrylamido-2-methylpropane sulfonic acid can substitute for
acrylic acid. This would allow for comparison with the polymers discussed in this thesis and determine
whether the change in monomers have a positive or negative impact on the flocculation efficiency in
high ionic strength environments.

RDRP techniques have the potential to create polymers with complex architectures. Apart from the ABA
triblock and star-shaped block architectures targeted in this project, polymers with more advanced
architecture can be synthesised and tested for flocculation efficiency. The proposed architectures can

| 190

Chapter 5
include graft copolymer, multi-arm star-shaped block copolymers, and hyperbranched block
copolymers. In addition, the anionic blocks currently located at the terminals of the polymer chain can
be redistributed in smaller portions throughout the whole polymer chain to see the effect this has on
the flocculation efficiency. While this has a similar architecture compared to that of random copolymers,
the blocks would be well-defined and designed to allow for maximum solubility in high ionic strength
environment.

The flocculation analysis techniques could be further improved by employing advanced automated
systems where the settling rate and supernatant turbidity are quantified under well-controlled and
consistent environment. As this technique and the scientific results progress, a small-scale pipe reactor
can be employed to gain further data that could lead to the implementation of these well-defined
UHMW polymers in industrial applications of flocculation.
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