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Abstract
Oil sands mining operations in Canada produce large volumes of waste tailings that are difficult to
dewater using commercial polyacrylamide-based flocculants. Recently, a novel hydrolytically-degradable
polymer was synthesized through micellar radical polymerization of short-chain polyester cationic
macromonomers. Poly(PCL2ChMA), made of polycaprolactone choline iodide ester methacrylate with
two polyester units, effectively treated mature fine tailings (MFT) solutions as evaluated by measuring
initial settling rate, supernatant turbidity, and capillary suction time (CST) of the sediments. Moreover,
the novel materials become more hydrophobic with time, leading to an 85% reduction in CST after
accelerated degradation for one week at 85 °C. The achievements described in this follow-up work are
twofold. First, a procedure was developed to directly measure the extent of sediment dewatering that
results from the polymer degradation, as previously the performance was indirectly inferred through CST
measurements. Second, an investigation of the relationship between macromonomer structure and the
performance of the polymer flocculant has led to the development of an improved material. Neither the
substitution of PCL with poly(lactic acid) (PLA) units or replacement of the methacrylate functionality
with acrylate greatly affects the ability of the resulting cationic flocculants to settle and separate the
sediments in diluted MFT solutions because the synthesized polymers had similar charge densities and
molecular weights. However, the faster degradation rates of the PLA-based materials lead to significantly
faster dewatering of the sediments. ∼50% compaction was observed in PLA-polymer flocculated samples
held for 5 days at 50 °C, whereas it was necessary to increase the temperature to 85 °C to achieve the
same dewatering with the PCL-polymer flocculated samples. As a comparison, it was found that
dewatering did not occur when the MFT material was flocculated with a non-degradable cationic
polymer, non-ionic PAM, and commercial anionic FLOPAM A3338. A similar 50% compaction occurs
in MFT sediments flocculated with LA-based polymers held at room temperature over several weeks,
indicating that these materials degrade at a fast enough rate to provide solids compaction under field
conditions.
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Chapter 1
Introduction
For economic reasons, the oil sands industries rely on open pit mining techniques to recover the oil sands
ores from the Athabasca region in northeastern Alberta, Canada. The ores – mixtures of bitumen, sand,
clays, and water – are treated with large volumes of hot water (40-80 °C) to extract the bitumen, with an
equivalent of 2.5 m3 of water per bitumen barrel (15.6 m3 of water/m3 of bitumen) [1], [2]. Unfortunately,
while recovering most of the bitumen from the ores, the process produces fresh fine tailings (FFT)
consisting of the non-extracted bitumen with sand and clay particles dispersed in water.
After being transferred into the tailings ponds, the FFT separate into two phases. The coarse sand
and half of the fine clay particles make up one phase, and settle quickly at the bottom of the ponds. The
second phase consists of bitumen and the rest of the fine clays which form a stable suspension in water
known as mature fine tailings (MFT). MFT have a gel-like consistency, and contain 30-40 wt.% of solids
and 3-5 wt.% of bitumen in water [3]. Over the past 50 years, the MFT ponds have been expanding, and
they currently occupy 176 km2 in surface area (equivalent to the surface area of Vancouver) making the
reclamation of the lands challenging [1], [4]. Moreover, large volumes of water, which constitutes
roughly 83 vol.% of the MFT, remain unavailable for usage in a period where the demand on fresh water
is increasing worldwide [5].
Many technologies have been investigated for the MFT management and treatment. They include
physical and mechanical processes, such as consolidated tailings (CT), paste technology (PT), thin lift
drying, centrifugation-drying, and extraction fine tails thickening [6], microbial degradation [7], superadsorbent polymers [8], [9], [10], freeze thaw cycles [11], evaporative and thermal processes [12], and
electro-dewatering through electro-filtration and electrocoagulation [13], [14], [15]. However, only the
CT and PT technologies are industrially implemented for the tailings treatment. In the former process, the
MFT with densified extraction tailings, which mainly consists of coarse sand particles, are mixed with an
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inorganic coagulant, gypsum typically, to produce non-segregating tailings discharged into storage areas
where they form solid deposits. While producing sediments with 60 wt.% solids content, the coagulant
changes the chemistry of the recycled water by tremendously increasing the concentrations of divalent
ions, making the water unsuitable for bitumen extraction [16], [17], [18]. The PT technology, on the other
hand, treats the FFT by settling the fine particles via the chemical aid of polymeric flocculants without
affecting the chemistry of the water released. Nevertheless, the PT process produces sediments containing
large volumes of water, and does not treat MFT [4], [19]. These limitations are associated with the
available flocculants being, nowadays, the subject of interest of many researchers who are developing
new variations of water soluble polymers to improve the efficiency of the PT process.
As summarized in a review on water soluble polymers for oil sands tailings treatment [20], most
studies rely on commercial and/or modified polyacrylamide (PAM)-based flocculants in various forms:
non-ionic, ionic, inorganic-organic hybrid (i.e., Al(OH)3-PAM, FeCl2-PAM…), and recently temperature
responsive materials. The first three flocculant types were found to work well at low dosages on kaolin,
often used as a model to simulate tailings. However, when applied to MFT at similar conditions, the
resulting supernatants were highly turbid due to incomplete separation of the small highly charged clay
particles (< 44 µm) that are characteristic of MFT [21]. As well, the flocculated sediments were loosely
packed and difficult to dewater, as PAM is hydrophilic.
Modifying the wettability of the solid surface of the flocs from hydrophilic to hydrophobic was
proposed by Franks [22] to address the sediments dewatering issue. The application of temperaturesensitive poly(n-isopropyl acrylamide) (PNIPAM), which becomes hydrophobic at temperatures above its
lower critical solution temperature (LCST) of 32 °C [23], [24], [25], [26], has thus been explored and
found as a promising alternative to PAM-based flocculants for MFT treatment [20], [27]. Nevertheless,
the need to apply external energy to maintain the temperature above the LCST has inhibited further
investigations including large scale testing of this polymer [20].
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Thus, a new polymeric flocculant candidate that hydrolytically degrades with time was developed
in our group. It is made of short-chain polyester macromonomers with two polyester units;
polycaprolactone choline iodide ester methacrylate (PCL2ChMA). The cationic charge of the resulting
poly(polycaprolactone choline iodide ester methacrylate) (poly(PCL2ChMA)) is effective in neutralizing
the negatively charged clay particles in the MFT solution. Moreover, upon degradation, the polymer
becomes more hydrophobic as the ε-caprolactone (CL) pendant units are cleaved, leading to increased
dewaterability

of

the

MFT

sediments

[28].

Its

performance

was

compared

to

that

of

poly(trimethylaminoethyl methacrylate chloride) (poly(TMAEMC)) synthesized from a methacrylate that
has the same cationic end group as PCL2ChMA, but does not contain the degradable polyester units (see
Figure 1). While poly(TMAEMC) also was effective at MFT flocculation, the resulting solids did not
show the increased dewaterability over time found with poly(PCL2ChMA) [28].
In the previous study, a temperature of 85 °C was used to achieve accelerated degradation of
poly(PCL2ChMA) in one week. While degradation of the material also occurs at room temperature, the
time frame would be significantly longer. Hence, modifying the structure of these polymeric flocculants
to achieve faster degradation, and thus dewatering of the sediments, is one goal of this work. Guidance
towards achieving this objective is found in the biomedical field, as similar polyester methacrylate
macromonomers have been employed to generate degradable nanoparticle (NPs) [29]. This first
modification involves the replacement of the CL units on the macromonomer with L-lactide (LA). The
increased hydrophilicity of poly(lactic acid) (PLA) leads to faster hydrolytic degradation than PCL [30],
[31], [32], [33]. While both polymers have served as materials for medical and pharmaceutical
applications [34], such as tissue engineering [35], adhesion barriers [36], sutures [37], and nanocarrier
drug delivery systems [38], [39], [40], [41], [42], CL is preferred when a longer degradation time is
needed. However, for oil sands tailings, an increased rate of polymer degradation is preferred to
accelerate solids consolidation at room temperature. While faster degradation is expected, it must be
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verified that flocculants formed from poly(lactic acid) choline iodide ester methacrylate (PLAnChMA)
macromonomers provide adequate performance when applied to MFT.
In addition, the methacrylate polymerizable group in the macromonomer structure has been
substituted with the acrylate functionality during synthesis to produce poly(caprolactone) choline iodide
ester acrylate (PCLnChA) and poly(lactic acid) choline iodide ester acrylate (PLAnChA). It is well known
that radical polymerization of acrylates [43] is characterized by higher propagation rate coefficients than
methacrylates [44], suggesting that it may be possible to produce polymers of higher molecular weight
(MW) under similar polymerization conditions. This structure may lead to improved performance, as
previous works have shown that increased polymers MW leads to better flocculation [20].
In the following, the flocculation mechanisms and synthetic polymers previously studied for MFT
treatment are presented (Chapter 2), followed by the materials and experimental methods used throughout
this work (Chapter 3). The synthesis and characterization of the new macromonomers, shown in Figure 1
with PCL2ChMA and TMAEMC, are discussed in detail (Chapter 4). The resulting polymeric flocculants
are then characterized, and their degradation is studied (Chapter 5). MFT flocculation experiments are
carried out to assess the flocculating performance of the polymers with respect to the initial settling rate
(ISR), supernatant turbidity, and capillary suction time (CST). Focused beam reflectance measurements
(FBRM) are also conducted to unveil some insights to the interactions between the tailings and the
flocculants (Chapter 6). Finally, the consolidation of the tailings after initial settling is tracked by
following the water released from the sediments over time, allowing a direct comparison of the effect of
degradation of these novel materials to non-degrading commercial cationic poly(TMAEMC) (used in
wastewater treatment), non-ionic PAM (used to flocculate particles present in water), and anionic
FLOPAM A3338 (used in the oil sands industry) (Chapters 7 and 8). The effect of copolymerizing
PCL2ChMA and PLA4ChMA with acrylamide (AM) on the sediments consolidation is investigated as
well (Chapter 8). In the final chapter (Chapter 9), the main conclusions are emphasized, and
recommendations are given to pursue future work on the project.
4

Figure 1 - Structures of cationic (macro)monomers used to produce via radical polymerization the
flocculants investigated in this work
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Chapter 2
Literature Review
This chapter is divided into two main parts. The first part presents the principles and mechanisms that
govern the flocculation of suspended particles, with a focus on MFT treatment. The effects of medium
conditions and polymer properties on the flocculation performance are also discussed. The second part
reviews synthetic polymers that have been developed for MFT treatment, with an emphasis on their
performance as flocculating agents.

2.1 Theory of suspensions and flocculation
The objective of flocculation is to destabilize suspensions of particles in a given medium through the
addition of chemical agents. These agents change the physical state of the particles which aggregate,
separate from the suspension, and settle by gravity. Flocculation is often interchanged with coagulation
although they are two separate synergetic mechanisms. A coagulation mechanism triggers the initial
aggregation of the suspended solids by reducing the repulsive forces between the particles with inorganic
coagulants. Flocculation induces further aggregation of the particles with addition of a polymer, leading
to the formation of larger flocs that settle eventually [19], [45]. However, many polyeclectrolytes
combine the synergetic effects of both coagulants and flocculants, so the addition of primary inorganic
coagulants become unnecessary in these cases. Before discussing the different flocculation mechanisms, it
is important to first understand the forces that maintain the stability of a given suspension, and prevent the
particles, mainly clays in the case of MFT, from coalescing.
2.1.1 Electrical double layer and DLVO theory
Most particles in aqueous suspension develop surface charges due to ionization of surface groups, dipole
orientation, ion adsorption, and/or uneven distribution of ions in the medium, leading to the formation of
an electrical double layer. This layer is called so because it possesses two layers; the inner Stern layer and
the outer diffuse layer, divided by the Stern plane. The Stern layer comprises a high concentration of
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adsorbed co-ions and counter-ions, having similar and opposite charges as the particles surface,
respectively. These ions are packed according to their charges in such a way they do not move, making
the Stern layer relatively rigid. On the other hand, the ions in the outer layer become anarchically
dispersed as the distance from the particles surface increases, with variable charge density, as opposed to
the fixed charge density of the Stern layer. As the distance from the surface increases, the concentration
of counter ions becomes less, and the potential in the diffuse layer, known as the zeta potential, decreases
exponentially. The zeta potential gives an indication of the electric field generated from surface-ions
interactions and the bulk electrolyte concentration [45], [46]. It also indicates the degree of stability of the
suspension at hand. In MFT, the dispersion of clay particles is highly stable reflected by highly negative
zeta potentials of -30 to -40 mV [19], [45].
The developed surface charges and electric double layers cause repulsion between the particles as
they come close to each other, creating a stable colloidal suspension. These electrostatic repulsive forces
have relatively large range of the order of 300 nm. According to the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, in any colloidal system, the van der Waals forces of attraction come into play as well.
These forces are relatively strong, but are expressed only at shorter ranges of 5-10 nm [21], [47]. When
summing up the two opposing forces, a maximum in the potential energy curve is observed as particles
approach each other, similar to what is represented in the DLVO potential energy diagram of Figure 2.
This maximum presents the energy barrier that polymeric flocculants must overcome to get the particles
to aggregate [47].
However, the DLVO theory predicts the flocculation of isotropic suspended solids only;
therefore, it does not work well on dispersions such as in MFT where the suspended particles have
anisotropic charge distributions [48]. In addition, many micro-scale interactions are present in MFT
suspensions, such as hydration effects and hydrophobic interactions between clays, that are not accounted
for by the DLVO theory. An extension to include the additional forces capturing the bridging effects
exhibited by surfaces with adsorbed polymers was developed [49], but the theory still does not capture the
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complexity of MFT suspensions. Upon the addition of the polymeric flocculants, steric interactions,
bridging interactions, electrostatic patch interactions, and depletion effects may arise [21] and affect,
negatively or positively, the flocculation behavior of the suspended solids.

Figure 2 - Potential energy diagram showing the barrier to flocculation and coagulation [47]
2.1.2 Flocculation and destabilization mechanisms
While many effects come into play when destabilizing particle suspensions with polymeric flocculants,
they can be summarized under two main mechanisms; the bridging mechanism and the charge patch
mechanism. Depending on the medium conditions and the polymer properties, the two mechanisms can
operate together or one can outweigh the effect of the other. They can also oppose each other, producing a
weak flocculation of the suspended solids [45], [47], [50].
The bridging mechanism starts with the adsorption of the polymeric flocculants on a number of
particles simultaneously. Adsorption can occur in three different ways depending on the type of the
polymers being added [47]. When the structure of given flocculants contains functional groups carrying
an opposite charge to that on the surface of the particles, adsorption takes place through electrostatic
attraction. In MFT, the clay particles are negatively charged; as a result, cationic flocculants exhibit this
type of adsorption behavior. Non-ionic polymers, such as PAM and polyethylene oxide (PEO), are
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designed with pendant groups that allow hydrogen bonding (δ positive charges) with the particles surface.
The overall adsorption of these flocculants on clay particles is strong due to the large numbers of
hydrogen bonds formed. Adsorption can also occur via salt linkage when flocculants carrying the same
charge as the one on the particles surface are used. As the clay particles are negatively charged, cationic
metal ions are added to provide a link between clays and the negatively charged functional groups in the
anionic polymers. Once adsorbed, the polymers form on the particles surface a layer consisting of loops
that extend into the solution and become adsorbed onto adjacent particles, thus creating bridges. After a
finite time, the loops compress and particles are brought together to form large flocs that settle by gravity
[45], [47], [50]. Figure 3 summarizes the stages of the bridging mechanism.

Figure 3 - Stages of the bridging mechanism: (i) dispersion, (ii) adsorption, (iii) bridge formation,
and (iv) flocs formation (see inset) [50]
Nonetheless, it was argued that the bridging mechanism is only applicable for non-ionic
flocculants and flocculants possessing the same charge as the dispersion medium. The remaining cases
are governed by high adsorption energy between the oppositely charged surfaces, making the occurrence
of bridging through extension of loops unlikely. Complete polymeric adsorption occurs instead, and the
polymer chains form a “charge mosaic with alternating regions of positive and negative charges” [50].
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The charge mosaics of adjacent particles then align to create strong electrostatic attraction that outweighs
the electrostatic repulsion and the electrical double layer effect [45], [47], [50]. This phenomenon is
known as the electrostatic patch mechanism, and is shown in Figure 4 for the case of polycations and
negatively charged particles [51].

Figure 4 - Possible arrangement of adsorbed polycations in the electrostatic patch mechanism [51]
When cationic flocculants are used for MFT treatment, there is a possibility that both bridging
and electrostatic patch mechanisms coexist during the settling of the negatively charged clay particles;
therefore, it is difficult to predict which one of them govern the flocculation phenomenon. To provide
further understanding on the treatment of MFT, it is important at this point to present the factors affecting
the two flocculation mechanisms.
2.1.3 Factors affecting flocculation
The different parameters affecting the flocculation mechanisms are summarized in the tables below filled
with information from the literature [20], [21], [45], [50]. Table 1 presents the factors related to the
polymer whereas Table 2 presents the ones associated with the dispersion medium. Reflections on MFT
are given, when applicable.

10

Table 1 - The influence of polymer structural parameters on bridging and electrostatic patching mechanisms of flocculation [20], [21],
[45], [50]
FACTORS - POLYMER
MOLECULAR WEIGHT

INFLUENCE OF INDICATED FACTOR ACCORDING TO MODEL
BRIDGING
ELECTROSTATIC PATCH
Higher MW leads to larger loops and more MW should not have any effect on
effective bridging. MW can go to flocculation. In some cases where flocculants
30 million g/mol. The upper MW limit is with higher MW are used, improvement of the
dictated by the solubility of the polymer in the flocculation performance can be induced by
medium solution.
bridging effects.

MOLECULAR WEIGHT DISTRIBUTION

Theoretically, two polymers having the same MW but different molecular weight distributions
(MWD), narrow or broad, might interact differently with the suspended solids. However, limited
studies are available on the effect of MWD on the flocculation performance of polymers as
dispersity is difficult to accurately measure for high MW polymers. PAM-based commercial
flocculants used in tailings treatment have a broad distribution.

CHARGE DENSITY

High charge density leads to larger loops and
more effective bridging. However, at a certain
limit, the charge density induces electrostatic
repulsion causing the redispersion of the
particles.

TOPOLOGY

Theoretically, two polymers having the same MW but different topology, linear or branched,
may interact differently with the given suspended particles. However, only linear PAM-based
flocculants are reported for the treatment of oil sands tailings.

POLYMER DOSAGE

Higher dosages lead to better flocculation up to
a certain limit called optimum destabilization.
Theoretically, this limit is reached when the
surface sites on the particles are half covered
by the polymers.

Higher dosages lead to better flocculation up to
a certain limit called optimum destabilization.
Theoretically, this optimum is not limited to
the amount of sites adsorbed on the surface of
the particles, and it is reached when less than
half the particles surface sites are covered by
the polymers.

EXCESS POLYMER ADDITION

At this condition, the particles are restabilized
by complete site coverage or electrostatic
repulsion.

At this condition, the particles are restabilized
by electrostatic repulsion.
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Higher charge density leads to a more
pronounced charge mosaic and more effective
destabilization of the suspension at hand.

Table 2 - The influence of dispersion medium properties on bridging and electrostatic patching mechanisms of flocculation [20], [21], [45],
[50]
FACTORS - DISPERSION MEDIUM
PARTICLE CONCENTRATION

INFLUENCE OF INDICATED FACTOR ACCORDING TO MODEL
BRIDGING
ELECTROSTATIC PATCH
This mechanism is more effective in high This mechanism is most likely to occur at
particle concentrated systems, such as MFT, lower particle concentrations (<104/L) due to
because the loops take shorter times to kinetic effects making the bridging effect
compress and form large flocs.
faster at high particle concentrations.

PARTICLE SIZE

Smaller particles have larger surface area which increases the charge density on the particles,
raising the electrostatic repulsion. Moreover, small particles require longer sedimentation times.
In MFT, about 90% of the particles are less than 70 µm in diameter, hence the strong stability of
the clay dispersion in these suspensions.

IONIC STRENGTH

High ionic strength helps the adsorption by
reducing the electrostatic repulsion between
the dispersed particles, on the one hand, and
between the particles and the polymers, on the
other hand. However, it has the capacity to
inhibit the bridging by reducing the polymer
loops.

pH - EFFECT ON SURFACE CHARGE

The pH changes the surface charge on the dispersed particles. In clay suspensions, the negative
surface charge becomes negligible under acidic conditions, but significantly increases under
alkaline conditions. The pH of MFT is between 8 and 9, making the repulsive forces between
clays very strong.

pH - EFFECT ON POLYMER CHAIN

The pH changes the conformity of ionic
polymers. For instance, anionic PAM-based
flocculants extend in alkaline solutions
promoting more efficient bridging, but assume
coiled configurations under acidic conditions.

MIXING

Mixing is important for polymers to be adsorbed evenly on the particles. While adding the
polymer, mixing must be short and dynamic (not too violent). Otherwise, desorption and/or
rearrangement of adsorbed chains can take place followed by restabilization of the particles.
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High ionic strength helps the flocculation by
reducing the electrostatic repulsion between
the mosaic charge particles.

No available information related to this model.

2.2 Synthetic polymeric flocculants designed for MFT treatment
2.2.1 Summary of the flocculation studies
The studies dealing with synthetic polymers for MFT treatment can be divided into two categories. The
polymers having a hydrophobic character, listed in Table 3, were synthesized as a response to Franks’
principle [22], which states that changing the wettability of the flocs surface leads to better MFT
flocculation and sediments consolidation. The second category includes studies that tested commercial
flocculants and chemicals on MFT, as presented in Table 4. Both tables summarize the characteristics of
the added polymeric flocculants, the investigated flocculation parameters, and the main outcome of every
study.
2.2.2 Discussion on the flocculation performance
While all of the novel “hydrophobic” polymers (Table 3) worked better than the commercial hydrophilic
PAM-based flocculants, many still suffer from limitations. Cationic Zetag 8110 [52] has to be
‘preconditioned’ at certain temperature and pH once in the process water to expose its hydrophobicity,
making its application for MFT flocculation and sediments consolidation complex and challenging. As
discussed before, poly(n-isopropyl acrylamide) (PNIPAM) [27] needs the external temperature trigger to
become hydrophobic and allow better sediments consolidation. It is hydrophilic during the flocculation of
MFT, leading to a weak solid-liquid separation with turbid supernatants as any other PAM-based
flocculant. The polyacrylamide-g-poly(propylene oxide) (PAM-PPO) [53] copolymers showed similar
supernatant quality (∼333 NTU) because this copolymer contains PAM in its backbone; thus, it is not
capable of bridging the fine clays. Hence, designing new polymeric flocculants with different backbone is
regarded as crucial at this stage, and investigations in that direction led to the synthesis of hyperbranched
functionalized polyethylene (HBfPE) and polycaprolactone choline iodide ester methacrylate
(poly(PCL2ChMA)).
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Table 3 - Synthetic polymeric flocculants with hydrophobic character for MFT treatment
SYNTHETIC
POLYMER TYPE

HYDROPHOBICITY
CONTROL

Non-ionic PNIPAM

Temperature

Cationic Zetag 8110

Polymer hydrolysis under
suitable conditions
(preconditioning)

Non-ionic PAM-PPO1
copolymers

Partially anionic HBfPE
with MA comonomers2

Cationic
poly(PCL2ChMA)

1
2

Grafting PPO into the
backbone of PAM

Slightly hydrophobic
backbone

Polymer hydrolysis with
time

INVESTIGATED
PARAMETERS

MAIN OUTCOME ON FLOCCULATION

REF.

ISR, turbidity, MFT zeta
potential, and yield stress
of sediments

PNIPAM proved to work better than a
commercial anionic PAM in MFT flocculation,
supernatant clarity, sediment consolidation, and
geotechnical properties.

[27]

Floc size and turbidity

Heating and increasing the pH of the flocculant
solution in oil sands process water led to better
MFT flocculation and clearer supernatant
clarity at lower dosages than regular Zetag.

[52]

ISR, turbidity, and CST

PAM-PPO dewatered and densified MFT better
than a commercial anionic PAM reference
based on CST, turbidity, and centrifugation
results. This is because the hydrophobic PPO
grafts reduce the amount of water trapped
inside the flocs.

[53]

ISR, turbidity, CST, floc
size and counts, and solids
content of sediments

HBfPE had better flocculation performance
than the commercial anionic PAM based on
ISR, CST, and turbidity results. The increase in
the content of functional groups in the
copolymer improved the settling performance
of the polymeric flocculant.

[54]

ISR, turbidity, and CST

Non-degradable poly(TMAEMC) proved to be
better than poly(PCL2ChMA) in flocculation at
similar dosages because of the higher charge
density of the former. However, the latter
provides easier sediments dewaterability as it
hydrolytically degrades.

[28]

PAM-PPO - Polyacrylamide-g-poly(propylene oxide)
HBfPE - Hyperbranched functionalized polyethylene with methyl acrylate (MA) comonomers
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Table 4 - Commercial flocculants and chemicals used for MFT treatment
SYNTHETIC
POLYMER TYPE
Anionic PAM (A3335) and
cationic poly(DADMAC)3
(Alcomer 7115)
Cationic poly(AM-coDADMAC)
Cationic poly(AEMA-stNIPAM)5 and non-ionic
poly(NIPAM) with
cationic poly(AM-coDADMAC)
Anionic A3335 and
cationic Alcomer 7115 or
non-ionic PEO

Alkoxysilanes

METHOD OF
TREATMENT

INVESTIGATED
PARAMETERS

MAIN OUTCOME ON FLOCCULATION

REF.

Dual chemical treatment

CST, SRF4, and solids
content of sediments

The dual treatment method showed improved
dewaterability of MFT compared to the single
polymeric treatment method.

[55]

Flocculant with synergetic
properties of AM and
DADMAC

ISR, turbidity, CST, and
SRF

Copolymer composition and molecular weight
averages affected the ISR and turbidity of the
flocculated MFT. CST and SRF depended on
polymer dosage and copolymer composition.

[56]

ISR, turbidity, CST, and
solids content of sediments

Mixing poly(NIPAM) with poly(AM-coDADMAC) led to a more effective MFT
flocculation.
Poly(AEMA-st-NIPAm)
improved the supernatant clarity and the ISR
compared to poly(NIPAM).

[57]

CST, net water release,
SRF, and solids content of
sediments

The dual treatment method showed improved
dewaterability of MFT compared to the single
polymeric treatment method. The presence of
bitumen in MFT required a higher polymer
dosage compared to pure kaolinite samples.

[58]

Turbidity, CST, and solids
content of sediments.

Among the five investigated alkoxysilanes,
Bis(3-trimethoxysilylpropyl)amine (bis-amine)
performed best when combined with
centrifugation. Under certain conditions, low
CST, low supernatant turbidity, and high solids
content were achieved.

[59]

Temperature and dual
treatment

Dual chemical treatment
and pressure plate filtration

Alkoxysilanes polymerize
via condensation reactions
and bond to clay particles

3

Poly(AM-co-DADMAC) - Poly(acrylamide-co-diallyl dimethylammonium chloride)
SRF - Specific resistance to filtration
5
Poly(AEMA-st-NIPAM) - Poly(2-aminoethyl methacrylamide hydrochloride-st-N-isopropylacrylamide)
4

15

Being partially anionic, HBfPE [54] is added with 1000 ppm Ca2+, which provides salt linkages
for better flocculant adsorption on the surface of the negatively charged clay particles suspended in MFT.
The amount of cationic divalent ions was suitable for the MFT sample used in the study, but it is
considered high if the water has to be reused in bitumen extraction processes [17]. Besides, the
flocculation is coupled with centrifugation to generate sediments with high solids content (up to 30 wt.%),
which adds another drawback on the usage of this flocculant on large scales seeing that external
mechanical energy has to be provided for sediments consolidation.
On the other hand, poly(PCL2ChMA) [28] is cationic and neutralizes the negatively charged fine
clay particles. It also makes use of both flocculation mechanisms, to treat MFT leading to clear
supernatants compared to PAM-based flocculants. Moreover, the hydrophobic grafted PCL units are
cleaved by hydrolysis, increasing the hydrophobicity of the polymer which leads to better solid
consolidation without any external stimulus. After one week of accelerated degradation at 85 °C, a
decrease of 85% in the sediments CST, measure of sediments dewaterability, was observed. However,
cationic flocculants are more expensive to make than other types of flocculants [52]; one of the reasons
many researchers are focusing on commercial flocculants and chemicals to treat MFT, as presented in
Table 4.
The dual chemical treatment technique [55], [58] improved the MFT dewatering compared to
single chemical treatment, but it increases the operational cost since two commercial flocculants, such as
A3335 and Alcomer 7115, are combined together. Moreover, one of the flocculants, or comonomers in
other studies [56], [57], is PAM-based; therefore, sediments consolidation is not taken into account. Only
the work investigating inexpensive and commercial alkoxysilanes [59] for MFT treatment deals with
chemicals other than PAM. The alkoxysilanes polymerize after addition via hydrolysis, bond to the clay
particles, and then bridge the particles together, making the flocculation mechanism more complex than it
is already. Centrifugation has to be used as well with these flocculants to achieve high solids content in
the final sediments, which adds to the operational cost.
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Now that all the synthetic polymeric flocculants were discussed, the following section gives the
recipe to design the ‘Ideal’ polymeric flocculants for MFT treatment based on information discussed in
this literature review and provided from experts in the oil sands tailings treatment field.

2.3 Ideal polymeric flocculant for MFT treatment
The above discussions on flocculation mechanisms showed that cationic flocculants are the best in
destabilizing MFT suspensions. They make use of both electrostatic patch and bridging effects to
neutralize the clay particles and build large flocs, without the assistance of coagulants. Thus, effective
solid-liquid separation is guaranteed with clear supernatants. The cationic polymers should have high
MW, on the order of 1 MDa or more, to quickly settle the flocs, as reflected by high ISR values.
Discussions with colleagues and a survey of literature in the area suggests that supernatants turbidity less
than 50 NTU and sediments CST less than 30 s are industrially acceptable [28], [53], [54], [56], [59].
The previous survey of novel flocculants designed for MFT treatment demonstrated that changing
the polymeric backbone from hydrophilic PAM to a hydrophobic material results in a reduced amount of
water entrapped inside the flocs, better supernatant quality, and improved sediments consolidation after
flocculation. However, if the hydrophobicity should be exposed during or after the flocculation, it must be
done without external stimuli (i.e., temperature or pH changes, or mechanical input like centrifugation)
which would further complicate tailings processing and add significantly to the cost of the treatment
process.
Discussions with Dr. Heather Kaminsky, a research associate at the Centre for Oil Sands
Sustainability at Northern Alberta Institute of Technology (NAIT) who previously worked as a researcher
in tailings treatment at Suncor Energy, provided some insights regarding large scale testing and industrial
applications of flocculants for MFT treatment, as it is difficult to glean information from literature and
patents. According to her, the flocculants are added to the tailings, and the mixture is allowed to settle for
24 h in containers. At this stage, which can be extended to 1 week depending on the flocculant settling
efficacy, around 30% water release from the tailings is expected. The supernatants are removed for water
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reuse, and the sediments are transferred in pipes to tailings ponds where they sit for further dewatering
and consolidation. During the transfer phase, the sediments should still be fluid enough for pumping. In
the tailings ponds, the sediments should ideally dewater an amount of water equivalent to an overall
tailings dewatering of 50-60% within 3 months at an averaged temperature of 15 °C.
Among the flocculants discussed previously, the one that shows the most promise is the cationic
poly(PCL2ChMA). Made of hydrophobic PCL units, it is hydrophilic enough to well-flocculate the MFT,
and provides further sediments consolidation through partial hydrolysis without external triggers. The
number and weight average MW of this polymer were measured to be Mn=430,000 g/mol and
Mw=770,000 g/mol, respectively [28]. When applied at 5000 ppm dosage to Syncrude Canada MFT
diluted to 5 wt%, the ISR was found to be 0.3 m/h, a low supernatant turbidity of 6.65 NTU was
achieved, and low CST values of 23 and 11 s were measured before and after degradation, respectively
[28]. In addition, it is visually observed that the sediments resulting from MFT flocculations with
poly(PCL2ChMA) are fluid before the degradation phase of the polymer. Poly(PCL2ChMA) needs much
more than 1 week to degrade at room temperature (accelerated degradation at 85 °C takes 1 week), so
consolidation will occur after the sediments are transferred to the tailings ponds.
As a conclusion to this preliminary analysis, poly(PCL2ChMA) is deemed to be a promising
‘Ideal’ candidate for large scale MFT treatment. The goal of this work is to modify its structure to
improve flocculation and MFT dewatering performance, and to shorten its degradation time. It should be
noted that cost might be a disadvantage for using poly(PCL2ChMA) on a large scale, as cationic polymers
are more expensive materials. However, if the structural modifications lead to a family of superior
flocculants in terms of ISR, supernatant clarity, sediments dewaterability, and sediments consolidation,
the cost should be outweighed by the environmental benefits, as the oil sands industry is still searching
for a viable solution to MFT dewatering.
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Chapter 3
Materials and Experimental Methods
3.1 Materials
ε-Caprolactone

(CL,

97%),

(3S,

6S)-3,6-dimethyl-1,4-dioxane-2,5-dione

(LA,

98%),

2-

(dimethylamino)ethanol (De, > 98%), stannous octoate (Sn(oct)2, 92.5-100.0%), triethylamine (TEA,
≥ 99.5%), basic alumina (Brockmann 1), acryloyl chloride (ACl, ≥ 97%), methyl iodide (ICH3, 99%), 2,2azobis(2-methylpropionamidine)dihydrochloride

(V-50,

97%),

[2-(methacryloyloxy)ethyl]

trimethylammonium chloride solution (TMAEMC, 80 wt.% in H2O), acrylamide (AM, ≥ 99%), nonionic
polyacrylamide (PAM, 5-6 million Da), choline chloride (≥ 99%), sodium chloride (NaCl, ≥ 99%), and
magnesium sulfate (MgSO4, ≥ 99.5%) were purchased from Sigma Aldrich and used as received.
Tetrahydrofuran (THF, > 99%, ACP Chemicals), anhydrous diethyl ether (≥ 99%, ACP Chemicals),
deuterium oxide (D2O, 99.9% D, Cambridge Isotope Laboratories), chloroform-d (CDCl3, 99.8% D,
Cambridge Isotope Laboratories), and deionized water (Millipore Synergy water purification system)
were used as received. Tap water was used as a source for regular water (H2O). Methacryloyl chloride
(MACl, 97%, Sigma Aldrich) was distilled before use to remove reactive dimers [60]. FLOPAM A3338,
a commercial anionic branched PAM flocculant, was provided by SNF and was used as received. Mature
Fine Tailings (MFT, 33.3% solids content by mass) were provided by Coanada Research and
Development Corporation, with a second sample provided from the Muskeg River in Alberta. In this
work, these MFT will be referred to as Coanada MFT and Muskeg MFT, respectively.

3.2 Experimental methods
3.2.1 Macromonomer synthesis and characterization
3.2.1.1 Methacrylate macromonomers synthesis
PCL2ChMA: This macromonomer was synthesized following the experimental procedures previously
described [28], [61]. In a first step, 6.04 g (53.0 mmol) of CL were reacted through ring-opening
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polymerization (ROP) using 42.9 mg (0.106 mmol) of Sn(oct)2 as the catalyst and 2.36 g (26.5 mmol) of
De as the initiator. The CL and Sn(oct)2 mixture (1:500, catalyst-monomer ratio) was loaded in a 100 mL
round-bottom flask and heated to 130 °C while purging the flask with nitrogen. The initiator was prepared
separately and added by a syringe to the CL-catalyst mixture. The ratio of cyclic polyester to initiator was
set at 2 in order to achieve an average of 2 CL repeating units on the macromonomer at the end of the
reaction. The mixture was allowed to react for 110 min at 130 °C to yield poly(ε-Caprolactone) 2-(N,Ndimethylamino)ethyl ester (PCL2De) with n≈2.0 and a CL conversion of 92%.
In the next step, PCL2De (8.40 g, 26.5 mmol) was dissolved in 26.0 mL of THF in a 100 mL
sealed three-necked round-bottom flask. 20.0 mL of TEA (144 mmol) was added and the solution was
cooled to 0 °C using an ice bath. The flask was purged with nitrogen before feeding 3.36 mL of distilled
MACl over 1 h via a glass syringe. The reaction mixture was maintained at 0 °C for another 3 h, after
which the TEA salt was filtered and the residual MACl was removed using a column of basic alumina.
THF and the remaining TEA were evaporated under vacuum at 40 °C to yield poly(ε-Caprolactone) 2(N,N-dimethylamino)ethyl ester methacrylate (PCL2DeMA).
The resulting PCL2DeMA was dissolved in 265 mL of diethyl ether, cooled to 0 °C in an ice bath,
and purged with nitrogen. 5.00 mL of ICH3 (79.4 mmol) was added by syringe and the reaction was
slowly warmed to room temperature over 48 h. The white waxy product, poly(ε-Caprolactone) choline
iodide ester methacrylate (PCL2ChMA), was collected after washing several times with cold ether that
was removed by 4 h under vacuum at 40 °C. At the end of the synthesis, 8.17 g of PCL2ChMA was
produced, corresponding to a final yield of 59%. The final product contained less than 10 mol.% [2(methacryloyloxyl)ethyl]trimethylammonium iodide (TMAEMI) (n=0) as determined from 1H-NMR in
this work (Figure A.3) and elsewhere [28], [61]. Figure 5 summarizes the synthesis route of this
macromonomer, and Figure A.1-Figure A.3 document the NMR characterization of the intermediate and
final products.
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Figure 5 - Synthesis procedure to produce poly(PCL2ChMA)
PLA4ChMA: In a first step, 6.48 g (45.0 mmol) of LA was reacted through ROP using 18.2 mg
(0.0450 mmol) of Sn(oct)2 as the catalyst and 2.00 g (22.5 mmol) of De as the initiator. LA was loaded in
a 100 mL round-bottom flask and then melted by heating to 130 °C while purging the flask with nitrogen.
A catalyst-initiator mixture with molar ratio 1:500 was prepared separately and added by syringe to the
LA. The ratio of cyclic polyester to initiator was set at 2 in order to achieve an average of 4 lactoyl repeat
units on the macromonomer at the end of the reaction. The mixture was allowed to react for 7.5 min at
130 °C before quenching in an ice bath to yield poly(lactic acid) 2-(N,N-dimethylamino)ethyl ester
(PLA4De) with n≈4.0 and an LA conversion of 94%. The subsequent chapter provides further details of
preliminary experimentation that led to these final synthesis conditions.
In the next step, PLA4De (8.48 g, 22.5 mmol) was dissolved in 26.0 mL of THF in a 100 mL
sealed three-necked round-bottom flask. 20.0 mL of TEA (144 mmol) was added and the solution was
cooled to 0 °C using an ice bath. The flask was purged with nitrogen before feeding 2.85 mL of distilled
MACl over 1 h via a glass syringe. The reaction mixture was maintained at 0 °C for another 3 h, after
which the TEA salt was filtered and the residual MACl was removed using a column of basic alumina.
THF and the remaining TEA were evaporated under vacuum at 40 °C to yield poly(lactic acid) 2-(N,Ndimethylamino)ethyl ester methacrylate (PLA4DeMA).
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The resulting PLA4DeMA was dissolved in 225 mL of diethyl ether, cooled to 0 °C in an ice bath,
and purged with nitrogen. 4.20 mL of ICH3 (67.4 mmol) was added by syringe and the reaction was
slowly warmed to room temperature over 48 h. The white waxy product, poly(lactic acid) choline iodide
ester methacrylate (PLA4ChMA), was collected after washing several times with cold ether that was
removed by 4 h under vacuum at 40 °C. At the end of the synthesis, 8.50 g of PLA4ChMA was produced,
corresponding to a final yield of 64%. Figure 6 summarizes the synthesis route of this macromonomer,
and Figure A.4-Figure A.6 document the NMR characterization of the intermediate and final products.

Figure 6 - Synthesis procedure to produce poly(PLA4ChMA)
3.2.1.2 Acrylate macromonomers synthesis
PCL2ChA: In a first step, 5.30 g (47.0 mmol) of CL was reacted through ROP using 37.6 mg
(0.0930 mmol) of Sn(oct)2 as the catalyst and 2.07 g (23.2 mmol) of De as the initiator. The ROP
conditions were the same as in the synthesis of PCL2ChMA, yielding poly(caprolactone) 2-(N,Ndimethylamino)ethyl ester (PCL2De) with n≈2.2 and CL conversion of 93%.
In the next step, PCL2De (7.37 g, 23.2 mmol) was dissolved in 116 mL of THF in a 250 mL
three-necked round-bottom flask. TEA (31.0 mL, 220 mmol) was added and the solution was warmed to
38 °C using an oil bath. The flask was purged with nitrogen before slowly adding 2.44 mL of ACl diluted
in 7.00 mL of THF via syringe over 1 h. The reaction mixture was kept at 38 °C for another 24 h after
which the TEA salt was filtered and the residual ACl was removed using a column of basic alumina. THF
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and the remaining TEA were evaporated under vacuum at 40 °C to yield poly(caprolactone) 2-(N,Ndimethylamino)ethyl ester acrylate (PCL2DeA). The subsequent chapter provides further details of
preliminary experimentation that led to these final synthesis conditions.
The resulting PCL2DeA was dissolved in 232 mL of diethyl ether, cooled to 0 °C in an ice bath,
and purged with nitrogen. 4.33 mL of ICH3 (69.6 mmol) was injected using a syringe and the reaction
was progressively warmed to room temperature while proceeding for 48 h. The white orange waxy
product, poly(caprolactone) choline iodide ester acrylate (PCL2ChA) was collected after washing it
several times with cold ether which was evaporated in a last step under vacuum for 4 h at 40 °C. At the
end of the synthesis, 7.33 g of PCL2ChA was produced, corresponding to a final yield of 61%. The final
product contained less than 10 mol.% [2-(acryloyloxyl)ethyl]trimethylammonium iodide (TAEMI) (n=0),
determined by 1H-NMR. The synthesis scheme of this macromonomer is shown in Figure 7, and Figure
A.7-Figure A.9 document the NMR characterization of the intermediate and final products.

Figure 7 - Synthesis procedure to produce poly(PCL2ChA)
PLA4ChA: In a first step, 7.76 g (54.0 mmol) of LA reacted through ROP as in the synthesis of
PLA4ChMA, using 21.8 mg (0.054 mmol) of Sn(oct)2 as the catalyst and 2.40 g (27.0 mmol) of De as the
initiator. The ROP reaction lead to PLA4De with n≈4.0 lactoyl units and 93% conversion. 10.2 g PLA4De
(27.0 mmol) was then treated following the same acrylation, with 135 mL of THF, 35.0 mL of TEA
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(256.5 mmol), and 2.83 g of ACl diluted in 7.00 mL of THF, and purification paths as for PCL2De to
produce poly(lactic acid) 2-(N,N-dimethylamino)ethyl ester acrylate (PLA4DeA) with 91% PLA4De
conversion. The resulting PLA4DeA was methylated, with 5.00 mL ICH3 (80.7 mmol) in 269 mL diethyl
ether, and the final product purified to obtain 10.9 g of orange waxy PLA4ChA corresponding to a final
yield of 70%, including 10 mol.% of unreacted PLA4De remaining after the acrylation reaction. Figure 8
presents the synthesis route of this macromonomer, and Figure A.10-Figure A.12 document the NMR
characterization of the intermediate and final products.

Figure 8 - Synthesis procedure to produce poly(PLA4ChA)
3.2.1.3 Macromonomer characterization
The four macromonomers as well as their intermediate synthesis products were characterized by 1H-NMR
in CDCl3 using a 400 MHz Bruker Avance instrument. The conversions and the average numbers of CL
and LA units, reported in the synthesis section, were calculated from the 1H-NMR spectra.
Electrospray ionization mass spectroscopy (ESI-MS) was performed on the four macromonomers
using a Thermo Fisher Orbitrap Velos Pro instrument to examine the molecular weight distributions of
the oligomeric materials. The samples were prepared by dissolving each macromonomer in H2O to obtain
a 1 wt.% solution, followed by a 20-fold dilution in the methanol buffer solution. The MS analysis was
conducted under positive-ion mode and the instrument was externally calibrated with caffeine as a
standard (74-1522 Da).
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The critical micelle concentrations (CMC) for the four macromonomers were determined via
surface tension measurements in H2O using a DuNoüy Ring setup at room temperature; a TensioCAD
with a platinum ring was used following EN14370 standards.
3.2.2 Polymer synthesis and characterization
3.2.2.1 (Co)Polymer synthesis
For homopolymerizations, 2.0 g of a macromonomer or TMAEMC were dissolved in 18 g of H2O,
containing 0.22 and 0.40 wt.% V-50 respectively, and bubbled for 1 h with nitrogen in a sealed 50 mL
round bottom flask. The solution was then transferred to an oil bath set at the reaction temperature, 70 °C
for the macromonomers and 50 °C for TMAEMC, and the reaction was allowed to proceed for 2 h. The
resulting polymer was cooled and stored in a refrigerator at 4 °C. For PCL2ChMA and PLA4ChMA
copolymerizations with AM, same conditions were applied on the 2.0 g comonomer samples made of
30 mol.% macromonomer, corresponding to 76 and 78 wt.% PCL2ChMA and PLA4ChMA, respectively.
In all cases, the (macro)monomer polymerization was verified qualitatively by complete
disappearance of the vinyl peaks by 1H-NMR at similar conditions. The polymerizations were run in D2O,
and the monomers were loaded at 0.1 g to get 10 wt.% monomer solutions.
3.2.2.2 Polymer characterization
The polymerization kinetics were studied via in-situ

1

H-NMR using a solution of 0.10 g of

macromonomer dissolved in 0.90 g of D2O (containing 0.22 wt.% of V-50 as initiator). The mixture was
bubbled with nitrogen for 1 h while avoiding excessive foaming. The four polymerizations were run at
60 °C in a Bruker Avance instrument operating at 500 MHz using the methodology described elsewhere
[62]. The monomer consumption, and hence the conversion, was tracked by integrating the vinyl peaks
with respect to the reference solvent peak.
Images of the polymers were taken using transmission electron microscopy (TEM) on a Hitachi
H-7000 instrument operating at 75 kV. Aqueous solutions were prepared with a concentration of
1.0 mg/mL, with the exception of poly(PLA4ChMA) solution, which was diluted to 0.10 mg/mL for better
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resolution. The TEM images were captured after depositing droplets of the solutions on carbon coated
copper grids and removing excess solution after one minute.
Relative viscosity of the polymers with respect to poly(TMAEMC) was qualitatively assessed by
determining the time needed for the 10 wt.% polymer solutions to drain to an indicated level on a straight
glass pipette after fully releasing the pressure exerted on the bulb. The glass pipettes (0.6 cm diameter
with 0.1 cm tip diameter) were changed after each run and the test was repeated three times for every
polymer solution.
3.2.2.3 Polymer degradation
The polymers were diluted to 1 wt.% in water and held at 50 °C in an oil bath. After each day, the
samples were cooled to room temperature for analysis before increasing the temperature again. Once the
LA-based polymers had degraded (5 days), the temperature of the bath was increased to 85 °C to allow
for the CL-based polymers to further degrade. The analyses conducted included pH measurement using a
Mettler Toledo SevenExcellence pH meter, and particle size and solution zeta potential using a Malvern
Zetasizer Nano ZS (size range 0.3 nm - 10 µm) at 25 °C with backscattering optics (173°) and a 4 mW
He-Ne (633 nm) laser. The latter two properties were measured using quartz cuvettes and universal dip
cell (DTS1070), respectively. The reported sizes and zeta potentials represent an intensity average of at
least 30 scans each with every measurement repeated 3 times. Temperatures of 50 °C and 85 °C were
chosen for the degradation because the glass transition temperature (Tg) of PLA is around 54 °C and the
melting temperature of PCL is around 65 °C [32]. Above the Tg, the PLA chain morphology changes as to
make it easier for the water to hydrolyze the ester bonds; hence, choosing a temperature around 54 °C
guarantees a degradation period long enough to collect sufficient data for the degradation of the LA-based
polymers. On the other hand, above the Tm, PCL becomes mobile allowing the polymer to interact better
with water which hydrolyzes its ester bonds; thus, increasing the temperature to 85 °C demonstrates this
effect on the CL-based polymers. Even though the thermal properties of the polymeric flocculants seem to
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be related to the degradation rates, they are beyond the scope of this work which is a proof of concept for
applying biodegradable polymers for oil sands tailings treatment.
In addition, 10 wt% solutions of poly(macromonomers) were prepared in D2O. The solutions
were held at temperature, either 50 or 85 °C, with 1H-NMR spectra recorded every day at 25 °C after
cooling the samples. These experimental procedures follow those used in a previous study on
poly(PCL3ChMA) degradation [63].
3.2.3 Oil sands flocculation tests
Flocculant dosages were varied between 3000 and 9000 parts per million (ppm) at 2000 ppm increment,
calculated on a weight basis relative to the weight of solids in the Coanada MFT. For each test, 100 mL of
a 2 wt.% MFT suspension was prepared by diluting the original solid mixture with deionized water. The
diluted MFT solutions had pHs between 7.7-8.0. Each suspension was transferred to a 250 mL baffled
beaker (7 cm diameter and 9.5 cm height), and stirred, using a 316 stainless steel 4-blade propeller with
2 in diameter, at 600 rpm for 2 min. The polymer flocculant was added at the desired dosage, and the
mixture was kept at 600 rpm for an additional 5 min, followed by 2 min at 300 rpm. The final mixture
was directly transferred to a 100 mL graduated cylinder, and the mudline (solid-liquid interface) was
recorded for 30 min to get the flocculation settling curve. The initial settling rate (ISR) is determined as
the slope of the linear portion of the settling curve [28]. The supernatant was removed after 24 h to
measure its turbidity with a Hach 2100AN turbidimeter, and the sediments were collected using a pipette
to measure their capillary suction time (CST) with a Triton Electronics 319 multipurpose CST apparatus.
The equipment consists of a cylindrical steel funnel (filtrand reservoir) resting on the filter paper fitted
between two Perspex plates with electrode sensors across the top plate. The electrodes are placed at a
certain interval and at specific distances from the center of the funnel, and they are connected to a timer.
The CST values are displayed on a screen in seconds, and they represent the time required for the water
front to move through a stretch of paper positioned between the two electrodes [64]. The turbidity and the
CST were measured 3 times for each sample, demonstrating excellent reproducibility, as also reported in
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the previous work on poly(PCL2ChMA) and poly(TMAEMC) [28]. These measurements were made at
University of Alberta in Professor Soares’ lab.
Focused beam reflectance experiments (FBRM) were also conducted at University of Alberta.
100 mL of Coanada MFT diluted with deionized water to 2 wt.% solids were placed in a 250 mL
unbaffeled beaker for each trial. The FBRM probe and a dual-blade impeller were inserted in the MFT
mixture and the speed was set to 400 rpm for 5 min after which the polymer flocculant (with dosage
varying between 3000 and 9000 ppm at 2000 ppm increments) was added. The mixing speed was left at
400 rpm for another 2 min and then lowered to 100 rpm for the rest of the 30 min experiment. The Mettler
Toledo FBRM instrument has a fast-rotating laser beam inside its probe that provides an estimate of the
floc size (in microns) and a count of the number of flocs from reflectance measurements [52], [54].
3.2.4 MFT dewatering (sediments consolidation) study
Additional flocculation tests were conducted in 100 mL cylinders at Queen’s University to monitor the
further consolidation of the tailings sediments that occurs with polymer degradation after the initial
settling. The same mixing procedure was adopted as before, with the supernatant removed from the
sediments in the cylinder after 24 h (2-3 mL of water were left above the mudline). The cylinders were
covered and placed in an oil bath held at 50 °C for 5 days then at 85 °C for another 5 days in order to
accelerate dewatering in the presence of the more slowly degrading CL-based materials. As the flocculant
degraded, the further compaction of the sediment was monitored by following the change in the sediment
height daily, with the extra water released rising to the top of the mixture. An analysis of reproducibility
was conducted by preparing six to eight cylinders of 2 wt% solids content Muskeg MFT treated with
10000 ppm of the same polymer. Tests were then conducted using 10000 ppm flocculant with Coanada
MFT diluted to 2 and 5 wt.%, with poly(TMAEMC) and PAM used as reference flocculants. 15000 ppm
poly(macromonomer) flocculants and 10000 ppm poly(TMAEMC) were also added on MFT diluted to
10 wt.% to study the dewatering of the resulting sediments. Moreover, two flocculation cylinders with
Coanada MFT diluted to 2 wt.% (20 wt.%) were prepared using 10000 ppm (25000 ppm)
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poly(PCL2ChMA) and poly(PLA4ChMA) and left at room temperature for 12 weeks, with the mudline
levels recorded every week. For the 20 wt.% MFT samples, poly(TMAEMC) was used as a reference at
20000 ppm.
Flocculation cylinders with FLOPAM A3338, a commercial anionic flocculant recommended by
Heather Kaminsky and supplied by SNF that is currently added to MFT suspensions [65], were prepared
with varying polymer dosage (500, 1000, 2500, 5000, and 1000 ppm), and ions concentration (0.1 and
0.5 wt.% choline chloride, NaCl, and MgSO4 of solution with 1000 ppm polymer dosage). In addition,
10000 ppm of poly(PCL2ChMA-co-AM) and poly(PLA4ChMA-co-AM) were used on MFT with 5 wt.%
solids content to investigate the effect of copolymerization with a cheap comonomer, such as AM, on
MFT dewatering and sediments consolidation.
For selected 5, 10, and 20 wt.% flocculation cylinders, the sediments solids content was measured
after the polymer degradation in two ways. In the first method, the cylinders were weighed empty and
after removing the supernatants. The density of the water on top of the sediments was taken as 1 g/mL to
calculate the sediment solids content in the flocculated MFT sample. In the second method, the sediments
were collected with pipettes (or spatula for sediments from 20 wt.% MFT flocculations with degradable
polymers), and transferred to aluminum plates. The plates with the sediments were then placed in an oven
set at 85 °C for overnight drying. The weight of the aluminum plates empty, with the sediments, and after
drying the sediments were measured to calculate the solids content. For each cylinder, 3 sediments
samples were prepared to check for reproducibility. As a side note, the amount of polymer added has a
negligible weight compared to the mass of the collected sediments; hence, the former was not accounted
for when calculating the solids content.
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Chapter 4
Macromonomer Synthesis and Characterization
4.1 Macromonomer synthesis
The two structural modifications were achieved by modifying at least one of the synthesis steps
previously established for PCL2ChMA [28]. To synthesize PLA4ChMA, the conditions of the ROP step
had to be tuned for grafting of the LA units in the macromonomer chain instead of CL. In addition, the
methacrylation in the second stage of the synthesis had to be substituted with an acrylation reaction for
the synthesis of PCL2ChA and PLA4ChA. While Chapter 3 summarizes the final conditions arrived at to
synthesize these materials, this section briefly presents the preliminary trials done in the lab to complete
these modifications.
4.1.1 ROP reaction of LA
A comparison of ROP reaction rates shows that LA reacts much faster with De than CL at 130 °C, with
7.5 versus 110 min required to reach a similar conversion, mainly due to the higher catalyst content in the
LA batch which is double the amount in the CL batch. In fact, catalysts are known to increase the rate of
reaction when added up to a certain concentration.
This lowered reaction time was determined after examining an experimental/modeling work that
studied the ROP of LA with Sn(oct)2 as the catalyst and 1-dodecanol as the initiator [66] at 130 °C with
various initiator-catalyst and monomer-catalyst ratios. Figure 9 reproduces and fits the experimental data
from that work, plotting the normalized logarithmic conversion, Y, versus the reaction time for different
monomer (M) to catalyst (C) ratios measured with an initiator (I) to catalyst (C) ratio of 1.
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Figure 9 - Fitting of data from [66] where the normalized logarithmic conversion, Y, is plotted
against reaction time, t, for different LA (monomer-M) to Sn(oct)2 (catalyst-C) ratios with 1dodecanol (initiator-I) to catalyst ratio of 1
The measure of conversion Y accounts for the limiting equilibrium of the reaction according to [66]:

⎛M −M ⎞
0
eq
⎟ = k p R *t
Y = ln ⎜
⎜⎝ M − Meq ⎟⎠

(4.1.1)

where, M0 is the initial monomer concentration (3 mol/L), Meq is the equilibrium concentration (measured
as 0.106 mol/L), R* is the concentration of living chains in mol/L, and kp is the propagation rate
coefficient in L/mol.s. This equilibrium conversion of 96.5% with 1-dodecanol initiator is in reasonable
agreement with another study reporting an equilibrium conversion of 98.7% at 130 °C where the initiator
type was not mentioned [67]. Using the following equation for LA conversion, X,

X=

M0 − M

(4.1.2)

M0

X could be related to Y by
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X = 1−
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M0 + Meq ⎡ exp Y − 1⎤
⎣
⎦
M0 exp Y

(4.1.3)

As shown in Figure 9, increasing M/C leads to an increase in the time required to reach the equilibrium
conversion. In this work, an M/C of 1000 was chosen. According to Eq.(4.1.3) and the fitted line in
Figure 9 for this M/C, it was predicted that 95% LA conversion would be reached in 27.5 min. This time
was used as an initial estimate to run the first ROP of LA with De. However, this estimate is for the
production of a LA-based polymer with high chain length, 1000 lactoyl units. For the target chain length
in this work, 4, 7.5 min provided a sufficient reaction time with De as the initiator.
The reactions were quenched at 94% because (R)-diastereomers were forming progressively as
the conversion was proceeding to higher values. Since LA has two stereogenic centres, this change in the
chain configuration is expected to occur, although the phenomenon is not discussed in the literature
describing ROP with LA. It was also found that ROP with M/I ratios lower than 2 led to a system in
which a significant fraction of the initiator remains unreacted. These two issues are demonstrated in the
1

H-NMR spectra, Figure 10 and Figure 11. The set of reaction trials is summarized in Table A.1 of

Appendix A, which also contains the 1H-NMR spectra characterizing PLA4ChMA and the intermediate
synthesis products from the finalized synthesis procedure as Figure A.4-Figure A.6.
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Figure 10 - Unfunctionalized initiators found after the ROP of LA to produce PLA3De (Reaction 1PLA3De in Table A.1)

Figure 11 - (R)-diastereomers formation at 105 min during the ROP of LA (Reaction 1-PLA4De in
Table A.1)
4.1.2 Acrylation reaction
The tuning of the acrylation reaction synthesis conditions was conducted on PLA4De, as the ROP with
LA takes less time than the ROP with CL. It was determined that the acrylation reactions performed better
at 38 °C, in contrast to the methacrylation reactions which were conducted at 0-4 °C. The literature on
this subject is conflicting: while the acrylation and methacrylation of cinchonidinyl with ACl and MACl,
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respectively, were conducted at similar conditions (0-5 °C) [68], the acrylation of tourmaline with ACl
was conducted at 40 °C [69] with no information about its methacrylation with MACl [70]. Thus,
depending on the reactant undergoing the modification, the acrylation with ACl can be run at different
temperatures to synthesize the desired product as long as the temperature does not initiate any
polymerization.
Table A.2 summarizes the trials that were conducted to determine the final conditions used to
incorporate the acrylate functionality for PCL2ChA and PLA4ChA, with their labeled 1H-NMR given as
Figure A.7-Figure A.9 and Figure A.10-Figure A.12, respectively. Briefly, the acrylation reaction
temperature was increased from 0 to 38 °C as ACl seemed to become less soluble in THF at low
temperatures, forming big flocs in the reactor and on the needle. Hence, reaching high conversions at
these temperatures was impossible even after 24 h since ACl was not sufficiently dissolved in THF to
esterify the alcohol (PCL2De or PLA4De). As shown in Figure 12, the interior surface of the flask was
coated, and the mixture contained large flocs at the end of the reaction at lower temperature, probably
undissolved ACl or salts formed from TEA, the scavenger, and hydrogen chloride (HCl). Increasing the
temperature to 38 °C quickly dissolved ACl in the solvent which led to high conversion after 5 h. At the
end of the reaction, the three neck flask did not contain any material flocs, and its interior surface was
clear (Figure 13).

Figure 12 - Cloudy flask with solid chunk inside when the acrylation reaction was conducted at 0 °C
(Reaction 1 in Table A.2)
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Figure 13 - Clear flask with no flocs when the acrylation reaction was conducted at 38 °C
(Reaction 9 in Table A.2)

4.2 Macromonomer characterization
4.2.1 Average chain length and molecular weight
The experimental average chain lengths determined from 1H-NMR are in good agreement with the
targeted chain length values set during the formulation of the ROP recipe, as summarized in Table 5; in
the following discussion n=2 and n=4 are adopted for the abbreviations of the CL and LA-based
materials, respectively. It was previously shown [28], [61], [63] that a distribution of chain lengths around
this average results from ROP reactions; thus, the macromonomers were analyzed with ESI-MS to
provide their chain length distribution, as shown in the mass spectra for PCL2ChMA and PLA4ChMA
(Figure 14). The acrylate macromonomers, PCL2ChA and PLA4ChA, had similar distributions as their
methacrylate analogs and their spectra are given as Figure A.13.
Table 5 - Targeted and experimental (from 1H-NMR) chain length of the macromonomers
synthesized in this work
MACROMONOMER

NOMINAL VALUE n

EXPERIMENTAL VALUE n

PCLnChMA

2.0

2.0

PCLnChA

2.0

2.2

PLAnChMA

4.0

4.0

PLAnChA

4.0

4.1
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Figure 14 - ESI spectra showing relative intensity (mol basis) as a function of macromonomer
molecular weight (Da) of (top) PCL2ChMA and (bottom) PLA4ChMA
The first peak of both spectra in Figure 14 corresponds to the macromonomeric cation with one CL or LA
unit. For PCL2ChMA, the subsequent peaks are separated by 114 Da, equivalent to one CL unit with the
peaks for n=2 and 3 of almost equal intensity on a number basis, as the targeted number of CL units was
2. On the other hand, the lactide ring used in the synthesis of PLA4ChMA contains two lactoyl units, each
with a MW of 72 Da. Hence, the distribution of macromonomers is dominated by n=4 and n=6 structures
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with small peaks of odd numbers of lactoyl units (n=1, 3, 5…), which is expected as the targeted lactoyl
units number was 4. The findings from analysis of the corresponding acrylate macromonomers are
similar.
The values of m/z in the spectra corresponds to the sum of the molecular weights of choline,
acrylate or methacrylate functionality, and n times CL or lactoyl repeating units. They were used to
calculate the number average MW of the macromonomers. A complete comparison among the Mn values
evaluated by 1H-NMR and ESI-MS is given in Table 6.
Table 6 - Comparison of the cationic macromonomer average number molecular weight (Mn)
determined from different characterization techniques (not including counterion)
MACROMONOMER

Mn (Da)
RECIPE

Mn (Da)
1

Mn (Da)

Mw/Mn

H-NMR

ESI-MS

ESI-MS

PCL2ChMA

400

400

494

1.08

PCL2ChA

386

409

499

1.08

PLA4ChMA

460

460

548

1.08

PLA4ChA

446

453

559

1.08

Integration over the entire ESI spectra yields Mn values larger than the ones determined from the NMR
spectra with the second peaks having MW reasonably close to the values estimated from 1H-NMR.
Moreover, the distributions of all macromonomers are relatively narrow, with a dispersity of 1.08. A
previous study on choline-PLA and choline-PCL biodegradable surfactants [30] had similar differences in
Mn determined from NMR and ESI-MS, with the MWD being narrow. As well, the mass spectra for
choline-PCL, as for the CL-based macromonomers in this work, did not show any peak corresponding to
chains without CL units (n=0), despite their detection by 1H-NMR.
4.2.2 Critical micelle concentration
As PCL2ChMA forms micelles in aqueous solution [61], surface tension measurements were conducted to
determine and compare the critical micelle concentration (CMC) for the four cationic macromonomers.
As shown in Figure 15, the CMC values for the three new macromonomers are very similar to that of
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PCL2ChMA [61], approximately 10−3 mol/L or 0.6 g/L. As PLA is more hydrophilic than PCL, the values
for PLA4ChMA and PLA4ChA are slightly higher than those of PCL2ChMA and PCL2ChA, in agreement
with other studies that report higher CMCs for more hydrophilic surfactants [30], [61], [63], [71], [72],
[73]. Somewhat surprisingly, no consistent difference between the acrylate and methacrylate
macromonomers is observed, with the CMC of PLA4ChA higher than that of PLA4ChMA and the
opposite ordering observed for the CL-based macromonomers. Similar complexities are summarized by
Joynes and Sherrington in their extensive study on cationic surfactant monomers, known as surfmers [74].
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Figure 15 - Surface tension (γ) versus macromonomer concentration (C) for: () PCL2ChMA,
() PCL2ChA, (p) PLA4ChMA, and (r) PLA4ChA in water (γ=71.3 mN/m) at 26 °C.
The absolute surface tension of the micellar solution, γCMC, provides a measure of surfactant
effectiveness, as influenced by various factors including hydrophobicity and chain configuration [74]. The
values for the CL macromonomers are above those of the LA materials, consistent with their higher
hydrophobicity. It has been shown that the (meth)acryloxy groups at the surfmers tails have a loop
configuration once dissolved in water [75], [76]; the hypothesis that the methacryloxy polymerizable
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group are less flexible, making the γCMC of acrylates macromonomers higher, are consistent with the
results in Figure 15. The full CMC and corresponding absolute surface tension results are summarized in
Table 7.
Table 7 - CMC results of the synthesized macromonomers
CMC (mol/L)

CMC (g/L)

γCMC (mN/m)

1.02×10-3

0.54

42.6

9.95×10

-4

0.51

45.6

PLA4ChMA

1.07×10

-3

0.63

37.7

PLA4ChA

1.11×10-3

0.64

40.4

MACROMONOMER
PCL2ChMA
PCL2ChA

4.3 Summary
In this chapter, the preliminary experimentation done to develop synthesis conditions of the new
macromonomers was discussed, and the final structures of the materials were verified with 1H-NMR. The
average number of lactoyl or CL units determined by 1H-NMR matched the targeted value, with the
distribution of chain lengths measured by ESI-MS. The ESI-MS also provided a means to verify the
structure of the macromonomers based on the MW. The new macromonomers were found to form
micelles in water at low concentrations, as was observed with PCL2ChMA; therefore, they will undergo
micellar radical polymerization (MRP) to form the new flocculants. Note that the MRP kinetics of
PCL2ChMA were recently studied [61], but this topic is beyond the scope of this work. The next chapter
presents the characterization and degradation results of the new biodegradable flocculants.
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Chapter 5
Polymer Characterization and Degradation
The new macromonomers were synthesized to improve the poly(PCL2ChMA) flocculation performance
[28]. First, the CL units were replaced with lactoyl units to obtain poly(PLA4ChMA) that, theoretically,
should degrade faster than poly(PCL2ChMA), as PLA does with respect to PCL. Since the pKa of PLA is
more acidic than that of PCL (3 versus 5, respectively), PLA is found to undergo self-catalyzed
hydrolysis, through which its acid carboxylic terminal groups and ester bonds dissociate at higher rates
than those of other biodegradable polymers [33]. Second, the polymerizable group was changed from
methacrylate to acrylate to get poly(PCL2ChA) and poly(PLA4ChA) that are expected to have higher MW
than poly(PCL2ChMA), meaning that they would perform better in MFT flocculation. In the following
sections, these two hypotheses are verified using different polymer characterization methods and
degradation studies.

5.1 Polymer characterization
5.1.1 Molecular weight and charge density
Full conversion was reached in under 30 min by radical polymerization in aqueous solution, as verified by
1

H-NMR and consistent with previously reported results for the polymerization of PCL2ChMA [28], [61].

The measurements using in-situ NMR showed that the acrylate macromonomers polymerize at a slightly
slower rate than the methacrylates, as shown in Figure 16 below. The weight-average molecular weight of
poly(PCL2ChMA) previously synthesized under these conditions was 770,000 g/mol [28]; with similar
reaction rates, the molecular weights of the polymers synthesized in this study are expected to be similar.
Since the macromonomers were fully consumed, the cationic charge densities (mmol/g) was calculated
from the macromonomer MW determined by NMR, and the values are summarized in Table 8. Seeing
that the poly(macromonomer) charge density decrease with an increase in the macromonomer MW, two
degradable units were selected as target in this work to get the highest polymer charge density possible
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while minimizing the amount of unfunctionalized initiator during the ROP reaction (Figure 10 in Chapter
4 Section 4.1.1). The charge density of poly(TMAEMC) was also included in Table 8 for comparison
purposes.
1
0.9
0.8

Conversion

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

200

400

600

800

1000

1200

1400

1600

Time (s)

Figure 16 - Macromonomer conversion versus time measured by in-situ NMR monitoring of the
radical polymerization of 10 wt.% of () PCL2ChMA, () PCL2ChA, (p) PLA4ChMA, and
(r) PLA4ChA in water at 60 °C with 0.22 wt.% V-50 as initiator
Table 8 - Molecular weights and charge densities of polymers synthesized in this study
POLYMER

CHARGE DENSITY (mmol/g)

Poly(PCL2ChMA)

1.90

Poly(PCL2ChA)

1.87

Poly(PLA4ChMA)

1.70

Poly(PLA4ChA)

1.72

Poly(TMAEMC)

4.82

As a result of this analysis, no major differences are expected in the flocculation performance of
the synthesized polymers since they have close MW and charge densities. It is important to note the high
charge density of poly(TMAEMC) compared to the polymers of this work, giving the former the
advantage to work better at lower polymer dosage, as determined elsewhere [28].
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5.1.2 Viscosity and conformation
While TMAEMC polymerization proceeds homogeneously in aqueous solution, PCL2ChMA polymerizes
through a complex micellar/surfmer mechanism [61]. The resulting solution, although optically clear, is
heterogeneous; the TEM images presented in Figure 17 indicate that the polymers formed from the new
polyester macromonomers have a similar fibril morphology as that previously reported for
poly(PCL3ChMA) [63]. The heterogeneous nature of the poly(macromonomer) systems lowers their
viscosity, with the time needed to drain a fixed distance in a pipette four times shorter than that needed for
the homogeneous poly(TMAEMC) solution (Table B.1). A 10 wt.% PAM solution is extremely viscous,
and could not be characterized using the same procedure.

Figure 17 - TEM images of (A) poly(PCL2ChMA), (B) poly(PCL2ChA), and (D) poly(PLA4ChA) at
a scale of 1 µm and (C) poly(PLA4ChMA) at a scale of 400 nm
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5.2 Polymer degradation
The prime motivation for synthesizing LA-based polyester flocculants is the expected increase in the rate
of degradation compared to their CL counterparts. Solutions of 1 wt.% polymer in aqueous solution were
held at elevated temperatures for an extended period of time, following the same procedures used
previously to accelerate the partial hydrolysis process [28], [63]. Details of the polymer degradation
mechanism have been presented elsewhere [29], [63], and will only be briefly discussed.
5.2.1 Degradation rate
While measurements of polymer particle average size and dispersity, zeta potential, and pH are all used to
track degradation, a simple visual indicator is the precipitation of polymer that occurs as it degrades to a
more hydrophobic structure. The previous study showed that poly(PCL2ChMA) took several days to
degrade at 85 °C [28], very similar to the time taken for the degradation of poly(PCL3ChMA) [63]. When
held for five days at the lower temperature of 50 °C, however, no visual precipitation of the CL-based
polymers occurred, whereas the LA-based materials had degraded (similar to PLA which has a Tg of
54 °C), as shown in Figure 18 for the methacrylate polymers. Precipitation of the CL-based materials was
only observed when the degradation temperature was raised to 85 °C, as the polymer chains might have
become mobile making the hydrolysis of the ester bonds easier (PCL homopolymer has a Tm of 65 °C).
No significant difference in degradation behavior between the acrylate (Figure B.1) and methacrylate
versions of either the CL or the LA-based materials was observed. Note that the polymer solutions turn
yellow during the degradation due to contact with air, which might have led to minor oxidation of the
polymers. In addition, the sample volumes decrease during the degradation study due to some water
evaporation occurring, especially when increasing the temperature to 85 °C. Unlike other degradation
studies on biodegradable polymers [31], [32], the comparative degradation studies herein were conducted
without maintaining the pH constant with a basic buffer solution, as in Section 8.2 of Chapter 8, the
degradation of the polymers occurred at room temperature (≈22 °C) and pH≈8, which are similar to field
conditions (temperature ∼15 °C on average and pH=8-9). Full results of the present degradation study for
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all four of the polymers, including the variation of polymer particle average size and dispersity, zeta
potential, and pH with time are provided; the polymer particle average size and pH variations with time
are given in the next section as Figure 21 and Figure 22, respectively, whereas the particle average
dispersity and zeta potential are given as Table B.2 and Figure B.2. These variations will be briefly
discussed in the following section on the degradation mechanism of the poly(macromonomers).

Figure 18 - Visual evidence of increased polymer hydrophobicity during the ex-situ degradation of
poly(PCL2ChMA) and poly(PLA4ChMA)
5.2.2 Degradation mechanism
The partial hydrolysis mechanism of the polymers at hand is similar to that of poly(PCL3ChMA)
summarized in Figure 19. The hydrolysis of the poly(macromonomers) is only partial because the
complete hydrolysis of polyester grafts should yield water-soluble polymethacrylic or polyacrylic acid
backbone [63]. In this work, polymer precipitates are collected at the bottom of the vials (Figure B.1), as
also documented during the degradation study of poly(PCL3ChMA) [63].
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Figure 19 - Accelerated hydrolytic degradation at 85 °C of 1 wt.% poly(PCL3ChMA) in H2O [63]
Briefly, the CL/lactoyl units being partially hydrolyzed leave the polymer chains while cleaving
the choline units attached to them. After that, the degradable units and choline get separated from one
another to give the water-soluble molecules summarized in Figure B.3. The formation of these byproducts
was followed by 1H-NMR, and the spectra shown in Figure 20 clearly presents the appearance of new
distinct peaks of choline and cleaved CL/lactoyl units in solution, in comparison to the broad peaks of the
polymers at day 0. The peaks assigned for choline are reliable, whereas peaks assignment for the cleaved
units was only tentative. The acrylate polymers had similar degradation products and their NMR spectra
are given as Figure B.4.
Moreover, previous degradation studies on poly(PCLnChMA) confirmed that a decrease in pH
[28], [63] occurs with increasing degradation time, and it is coupled with an increase in
poly(PCLnChMA) dispersion size [29], [63]. Zeta potential measurements showed that the cationic
stabilization is maintained during the degradation process until cloudiness of the polymer solution occurs
(middle vial in Figure 19). This phenomenon is accompanied by large particle size and dispersity, and it is
followed by the aggregation of the polymeric backbone [63]. The increase in particle size was attributed
to potential swelling of the polymeric particles during the cleavage of the degradable CL/lactoyl units.
Aggregation occurs after a certain amount of choline, the group responsible for stabilizing the dispersion,
is cleaved from the polymer chain (reflected by a particle size of 0).
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Figure 20 - 1H-NMR spectra with tentative peak assignment for the degradation products of
poly(PCL2ChMA) (above) and poly(PLA4ChMA) (below) in 10 wt.% solution in D2O (degradation
products are based on n=2 and n=4 CL and LA-based polymers, respectively)
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The four polymer nanosuspensions had similar average particle size at the beginning of the
degradation study, as depicted in Figure 21. The size remained invariant until cloudiness of the polymer
solutions occurred (as a result of hydrolytic degradation) at day 4 for the LA-based polymers and day 9
for the CL-based ones (Figure B.1). As observed with poly(PCL2ChMA) and poly(PCL3ChMA) [28],
[63], the polymer particles increase in size at this stage due to potential swelling, and the average particle
dispersity (Table B.2) becomes larger as well. The final polymer precipitation (particle size of 0 in Figure
21) is accompanied by zeta potentials between -10 and +10 mV, compared to the initial zeta potentials of
+30 and +40 mV reflecting the stable polymer dispersions before degradation (Figure B.2).
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Figure 21 - Variation in average particle size with time of () poly(PCL2ChMA),
() poly(PCL2ChA), (p) poly(PLA4ChMA), and (r) poly(PLA4ChA) during the degradation
study of 1 wt.% polymer dispersions in aqueous solution at 50 °C then 85 °C after day 6 (every
measurement is the average of 30 scans and was repeated 3 times)
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An interesting difference to note between the LA and CL-based polymers, as well as the
methacrylate and acrylate versions, is their pH (Figure 22 below). In general, the acidity of the polymer
increases with its hydrophilicity [77]. Since poly(PLA4ChMA) and poly(PLA4ChA) are more hydrophilic
than their CL analogs, the pH of the initial 1 wt.% polymer solutions were lower, in agreement with other
studies on PLA and PCL in which PLA terminal groups degraded faster than the PCL ones (pKa of 3
compared to 5, respectively) [33]. In addition, poly(PCL2ChA) and poly(PLA4ChA) have lower pH than
their methacrylate analogs, in agreement to the increased acidity of poly(acrylic acid) compared to
poly(methacrylic acid) determined elsewhere [78].
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Figure 22 - Variation of pH with time of () poly(PCL2ChMA), () poly(PCL2ChA),
(p) poly(PLA4ChMA), and (r) poly(PLA4ChA) solutions during the degradation study of 1 wt.%
polymer dispersions in aqueous solution at 50 °C then 85 °C after day 6 (every measurement is
repeated 3 times)
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5.3 Summary
In this chapter, it was shown that the new flocculants have similar MW and charge densities. As a result,
they are expected to perform equally well in neutralizing and settling the negatively charged clay particles
during MFT flocculation, with perhaps small differences related to the differences in hydrophobicity of
the polymers. It was also observed that poly(PLA4ChMA) and poly(PLA4ChA) degrade at faster rates
than their CL analogs; hence, it is likely that the sediments, resulting from flocculation with the aid of
these polymers, will dewater and consolidate faster. The following chapter aims to verify the first
conjecture through a flocculation study conducted at the University of Alberta. The second conjecture is
verified in Chapter 7, in which the sediments dewatering resulting from the polymers degradation is
tracked.
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Chapter 6
Oil Sands Flocculation Studies
Although the LA-based polymers clearly degrade more quickly than CL-based materials, it is necessary to
compare their relative ability to settle sediments from oil sands MFT. Previous studies compared the
flocculation behavior of poly(PCL2ChMA) to control samples of poly(TMAEMC) and PAM [28], [63],
and poly(PCL2ChMA) was found to well settle the tailings while providing better sediment dewatering
and consolidation. Herein, the flocculation behavior of the four degradable polyester compositions is
compared. While 5000 ppm of poly(PCL2ChMA) was effective in flocculating 5 wt.% solids MFT
provided from Syncrude Canada Ltd. in a previous study [28], the Coanada-sourced material used in this
study proved more difficult to flocculate; it is well-known that the heterogeneous composition of MFTs
affects settling behavior [21]. Thus, the present study was conducted with Coanada MFT diluted to
2 wt.%, following the procedures outlined in Chapter 3. Polymer dosages were varied between 3000 and
9000 ppm at 2000 ppm increments.

6.1 Flocculation assessment
The settling curves are given in Figure C.1, with the ISR values summarized in Figure 23, and the
corresponding measurements of supernatant turbidity (measured after 24 h) summarized in Figure 24 (see
also Table C.1).
It was not possible to determine the initial settling rate (ISR) at a dosage of 3000 ppm, as the
mudline could not be clearly tracked in the turbid mixture. The ISR values for the four polymers were
found to be very similar, as were the heights of the final mudline in the samples (inset pictures in Figure
23 taken after 24 h). Although there was little difference in the ISR values, the clarity of the supernatant
improved as dosage was increased from 5000 to 9000 ppm (Figure 24). The methacrylates have slightly
better supernatant clarity than their acrylates analogs; however, all of the tests conducted at 7000 and
9000 ppm (with the exception of poly(PLA4ChA) at 7000 ppm) result in clear supernatants with
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industrially acceptable turbidity values (less than 50 NTU). Thus, all four compositions of the synthesized
flocculants show comparable performances when assessed according to ISR and supernatant turbidity.
This finding is perhaps not surprising, as they have similar structure, charge densities and molecular
weights.
While not greatly affecting separation behavior, the increased hydrophilicity of the LA-based
polymers influences the permeability of the sediments, as assessed through the capillary suction time test
(CST, with lower values indicating better drainage of water from the sediment) conducted after removal
of the supernatant from the MFT sediment 24 h after flocculation. The sediments flocculated with
poly(PLA4ChMA) and poly(PLA4ChA) released water more slowly than those flocculated with the CL
materials, as reflected in the higher CST values summarized in Figure 25 (see also Table C.2). The
differences in CST become smaller, however, as polymer dosages are increased to 9000 ppm. At this
concentration, the CST value of 22.6 s for poly(PLA4ChMA) compares well with the 14.3 and 28.9 s
measured for poly(PCL2ChMA), and poly(PCL2ChA), respectively. These values are below 30 s; thus,
they conform to industrial standards. The CST values measured for sediments flocculated with the
acrylate materials are higher than those flocculated with the methacrylates, consistent with the slightly
more hydrophobic character of the latter variations.
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Figure 23 - ISR values for the four polymers as a function of polymer dosage with 2 wt.% MFT. Inset photographs compare final
mudlines and supernatant clarity 24 h after settling, with dosages of 3000, 5000, 7000 and 9000 ppm polymer (left to right)
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Figure 24 - Supernatant turbidities after 24 h for 2 wt.% MFT samples flocculated using the four polymers applied at the indicated
dosages (average error of ± 2.0 NTU)
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Figure 25 - CST of the sediments measured 24 h after flocculation by the four polymers applied to 2 wt.% MFT at different dosages
(average error of ± 4.9 s)
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6.2 Flocculant-clay interactions
Focused beam reflectance measurements (FBRM) were employed to provide additional information
regarding MFT flocculation. As shown for poly(PCL2ChMA) in Figure 26, both the size and the number
of flocs quickly achieve constant levels after the polymer is mixed with the MFT sample, with the average
size increasing and the number of flocs decreasing as the polymer dosage is increased from 3000 to
9000 ppm. At low polymer dosages, the clay particles in the MFT were not as effectively flocculated, as
seen in the distributions of the floc sizes in Figure 26c. A significant difference in the floc size is seen as
dosage is increased to 7000 ppm, consistent with the ISR and turbidity measurements presented earlier.
At this polymer dosage, the bridging between the clay particles becomes effective, achieving less and
bigger flocs. Similar trends were observed when adding the other flocculants, whose FBRM data are
plotted in Figure C.2-Figure C.4. However, Poly(PLA4ChMA) data did not reach constant levels during
the experiments time (30 min); it seems that this polymer slowly interacts with the clay particles in
contrast to the other flocculants.
A comparison of the mean size of the flocs for the four polymers at the different dosages after
30 min is given in Figure 27, with a corresponding comparison of floc counts shown as Figure C.5. At a
dosage of 3000 ppm, the flocs formed are of similar size (10-11 microns) as the initial MFT, a result
consistent with the poor flocculation observed. At higher dosages, the flocs formed in the presence of the
poly(acrylates) are smaller than those formed with the methacrylate materials. Poly(PLA4ChMA) applied
at 9000 ppm formed flocs 2.5 times larger in diameter on average than the size of the original MFT, hence
with more than a 10-fold size increase in volume.
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Figure 26 - FBRM results showing A) mean size of flocs, B) number of flocs, and C) floc size distribution of 2 wt.% MFT as flocculated
using poly(PCL2ChMA) at different dosage
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Figure 27 - Mean floc size measured by FBRM after 30 min for 2 wt.% MFT flocculated using the
four degradable polymers (see legend) at different dosage

6.3 Summary
As expected, the flocculation behavior of the four materials with respect to ISR and turbidity was similar
since they have close MW and charge density values. The methacrylate flocculants had slightly better
turbidity and CST results than their acrylate analogs, and the LA-based polymers had the highest CST
because they are more hydrophilic, and retain water in their sediments for a slightly longer time. The
FBRM data confirmed that better bridging results from addition of higher polymer dosage. The highest
floc size was achieved with poly(PLA4ChMA). With confirmation that the materials all perform well as
MFT flocculants, the next chapter relates the degradation of the different polymers to the rates of
sediments dewatering and consolidation after initial settling is achieved.
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Chapter 7
Sediments Dewatering and Consolidation Studies
Enhanced dewatering was previously demonstrated through an 85% reduction in capillary suction time
(CST) after 1 week accelerated degradation of sediments flocculated with poly(PCL2ChMA) at 85 °C
[28]. How this improvement translates to solids consolidation in the field, however, is not evident. Thus,
we have adopted the decrease of the sediment mudline over time as a direct measure of consolidation. The
procedure for this test is straightforward: the sediments are kept in the original graduated cylinder (after
removal of the supernatant after 24 h), which is covered and held at the desired temperature in a
thermostated water bath. The water released appears as a clear layer on top of the sediment as it
consolidates, as shown in Figure 28, with the shift in mudline providing a measure of the quantity of
water released. Following the same strategy as for the polymer degradation tests in solution, the
sediments were held at 50 °C for 5 days, followed by 5 days at 85 °C.
The reliability of the procedure was examined by following the change in mudline in a series of
cylinders flocculated under the same conditions. Despite minor differences in the position of the starting
mudline, the amount of water released was quite reproducible with an average error of ± 0.25 mL (Table
D.1-Table D.5). These verification tests were done using MFT from a different source (Muskeg River),
which showed significantly better consolidation during the initial flocculation period (mudline of ~16 mL
compared to ~23 mL for the Coanada-sourced material). While not a focus of the current study, it
illustrates the fact that flocculant performance can vary between MFT samples due to their heterogeneity
[21]. The consolidation tests discussed in the upcoming sections and in the next chapter are all done using
Coanada-sourced MFT.
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Figure 28 - A visual record of dewatering from accelerated in-situ degradation of sediments
obtained from flocculation of 2 wt.% MFT sediments by 10000 ppm poly(TMAEMC),
poly(PCL2ChMA), and poly(PLA4ChMA)

7.1 Water release
A series of consolidation tests were conducted on sediment collected after flocculation of 2, 5, and
10 wt.% Coanada MFT samples using the four novel degradable polymers as well as the non-degradable
poly(TMAEMC). Figure 29 plots the evolution of the sediment mudlines from 2 wt.% solids MFT treated
with poly(PCL2ChMA), poly(PLA4ChMA), and poly(TMAEMC). A small amount of water (~2 mL) was
released from all samples in the first day, likely due to the removal of the supernatant that exerts pressure
on top of the sediment. With poly(TMAEMC), no additional water is released at 50 °C, and a total of
4 mL is released over the 10 day study. The sediment treated with poly(PCL2ChMA) released 4 mL of
water over the 5 days held at 50 °C; however, unlike the behavior with poly(TMAEMC), an additional 459

5 mL was released when temperature was increased to 85 °C to accelerate the degradation of the CLbased flocculant. This behavior is contrasted to that of the poly(PLA4ChMA) sample, for which most of
the water (11 out of 13 mL) was released from the sediment during the 5 days at 50 °C. Thus, the faster
degradation rate of the LA-based materials observed in the polymer degradation study leads to accelerated
consolidation of MFT sediments under in-situ conditions. Moreover, as shown in the Figure 28
photographs, the polymer degradation led to a decrease of the sediment volume (mudline position) by
close to 50%.

Figure 29 - Mudline position of MFT sediments during accelerated in-situ degradation tests after
flocculation of 2 wt.% solids MFT by 10000 ppm () poly(PCL2ChMA), (p) poly(PLA4ChMA),
and (□) poly(TMAEMC) at 50 °C for 5 days, followed by an additional 5 days at 85 °C
As summarized in Table D.6 and Figure D.1, the acrylate version of the flocculating agents
showed dewatering behavior similar to the corresponding methacrylates, with the LA material releasing
water (50% of the original sediment height) at 50 °C, while the CL version requiring a temperature
increase to 85 °C to achieve the same performance.
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Control experiments were conducted not only with the cationic poly(TMAEMC), but also with
non-ionic PAM. While 10000 ppm of PAM flocculated the 2 wt.% solids content MFT, its sediments did
not experience any water release (Figure D.2). When the same PAM dosage was applied to MFT with
5 wt.% solids content, it formed loosely packed sediments with the supernatant still turbid after 24 h, as
shown in comparison to poly(PCL2ChMA) and poly(PLA4ChMA) flocculation cylinders after 30 min in
Figure 30. Dewatering tests were repeated using 5 and 10 wt.% MFT solutions, with the same general
results achieved (Table D.7, Table D.8, Figure 31, and Figure 32): negligible additional water release with
poly(TMAEMC) used as the flocculating agent, significant water release only occurring when
temperature was increased to 85 °C for CL-based flocculating agents, and significant consolidation
(decrease of ~50% in mudline position) occurring with LA-based flocculants at 50 °C over 5 days.

Figure 30 - Flocculation tests of 5 wt.% MFT with 10000 ppm of (from left to right):
poly(PCL2ChMA) and poly(PLA4ChMA) after 30 min and PAM after 24 h
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Figure 31 - Mudline position of MFT sediments during accelerated in-situ degradation tests after
flocculation of 5 wt.% solids MFT by 10000 ppm () poly(PCL2ChMA), (p) poly(PLA4ChMA),
and (□) poly(TMAEMC) at 50 °C for 5 days, followed by an additional 5 days at 85 °C

Figure 32 - Mudline position of MFT sediments during accelerated in-situ degradation tests after
flocculation of 10 wt.% solids MFT by 15000 ppm () poly(PCL2ChMA), (p) poly(PLA4ChMA),
and (□) 10000 ppm poly(TMAEMC) at 50 °C for 5 days, followed by an additional 5 days at 85 °C
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As a side note, the supernatants were removed after 1 week (instead of 1 day) for the 10 wt.%
MFT samples because poly(PLA4ChMA) supernatants were not clear after 24 h. The clay particles that
remained in the supernatants needed additional time to settle completely, eventually forming a second
layer on top of the particles settled after 24 h as shown in Figure 33. This behavior could be explained by
the slow interactions between poly(PLA4ChMA) and clay particles observed in the FBRM results
discussed in the previous chapter.

Figure 33 - Evolution of supernatant clarity after the flocculation of 10 wt.% MFT with 15000 ppm
poly(PLA4ChMA): left after 24 h, middle after 3 days, and right after 1 week.
It should be noted that during the dewatering of the 10 wt.% MFT samples, water remained
entrapped inside the sediments and could not escape to the top during the solids consolidation that results
from polymer degradation (Figure 34). The increase in solids content and the wall effects exerted by the
100 mL cylinders might have caused this phenomenon to happen. The cylinders were gently tapped to
help the water release, but that was not necessary for poly(TMAEMC) seeing that the polymer does not
degrade (thus no entrapment of water droplets in the sediments).
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Figure 34 - Water entrapped (circled in red) in the sediments produced from the flocculation of
10 wt.% MFT by 15000 ppm poly(PLA4ChA) (on the left) and poly(PCL2ChMA) (on the right).

7.2 Solids content
The sediment solids contents were measured by pipetting the sediments to aluminum plates and drying
them overnight in an oven set at 85 °C. The measurements are summarized in Table 9 below; results for
MFT samples diluted to 2 wt.% are not reported because the sediment volumes were not enough to
provide 3 measurements. As described in Chapter 3, the “calculated” measure of solids content was
determined from the weight of the entire sediment sample in the graduated cylinder compared to the
known weight of MFT in the sample.
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Table 9 - Solids content (measured and calculated) of sediments collected after accelerated
dewatering studies with 10000 ppm and 15000 ppm poly(macromonomer) for 5 wt.% and 10 wt.%
MFT samples, and 10000 ppm poly(TMAEMC) for both solids content.
POLYMER/MFT (wt.%)

MEASURED CONTENT (%)

CALCULATED CONTENT (%)

Poly(PCL2ChMA)/5

17.5 ± 1.5

19.2

Poly(PCL2ChA)/5

17.7 ± 0.3

20.4

Poly(PLA4ChMA)/5

19.5 ± 1.3

25.6

Poly(PLA4ChA)/5

21.2 ± 2.0

27.0

Poly(TMAEMC)/5

12.9 ± 1.3

13.7

Poly(PCL2ChMA)/10

22.9 ± 1.2

29.9

Poly(PCL2ChA)/10

24.6 ± 0.3

31.8

Poly(PLA4ChMA)/10

23.7 ± 2.5

33.3

Poly(PLA4ChA)/10

29.5 ± 0.9

41.7

Poly(TMAEMC)/10

16.4 ± 1.4

20.8

The solids content measured for 2 wt.% MFT samples are ∼17% for LA-based polymers, ∼14% for CLbased polymers, and ∼10% for poly(TMAEMC). Thus, not only do the LA-based flocculants degrade
more quickly, they result in final higher solids amount in the sediments. It can also be seen that the final
solids content of the sediments (after degradation) increases with the amount of solids in the original
MFT. For example, with LA-based polymers solids levels increase to ~20% with 5 wt.% MFT, and to
~27% with 10 wt.% MFT. In each case, ∼50% compaction of the sediment was achieved with polymer
degradation.
The measured and calculated solids content values are not in agreement, especially for the high
MFT solids wt.% (see also Table 11 of Chapter 8 Section 8.2). It is hypothesized that the measurements
involve errors caused by loss of material as the sediments are transferred to the aluminum plates. As
presented in Figure 35, a portion of the sediments remains stuck on the walls (Figure 35a) and the bottom
(Figure 35b) of the cylinders, and cannot be removed with the pipette. After the transfer, a part of the
removed sediments stays in the pipette, and is likely to contain more solids than water (Figure 35c). Thus,
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the actual solids content values are likely higher, as reflected in the values calculated based upon the total
mass of material in the graduated cylinder after the layer of clear water is removed.

Figure 35 - Sediments remaining in the cylinder and pipette during transfer for solids
determination by gravimetry.

7.3 Summary
In this chapter, the effect of polymer degradation on sediment consolidation and dewatering was studied
under accelerated conditions. Consistent with the degradation studies in Chapter 5, poly(PLA4ChMA) and
poly(PLA4ChA) degraded at higher rates than the CL-based flocculants, leading to faster sediment
dewatering and consolidation. Solids content measurements and calculations showed that the LA-based
materials also lead to better sediments consolidation. Comparisons with the reference non-degradable
polymers, PAM and poly(TMAEMC), directly prove the advantage of using the hydrolyticallydegradable polymers for MFT treatment. The next chapter focuses on answering some of the industrial
and scale-up aspects for using these biodegradable polymers in MFT treatment at larger scale.

66

Chapter 8
Investigations towards Larger Scale Application
The new LA-based cationic polymers have been shown to hydrolytically degrade under milder conditions
than the previous CL-based materials, with their potential to dewater MFT sediments to high solids
content directly demonstrated. Thus, the principle objectives of this thesis have been met. This chapter
summarizes additional experiments performed to address potential shortcomings of the polymers and to
provide some direction towards larger-scale testing. As one stated disadvantage of cationic flocculants is
their higher cost, the effectiveness of poly(PCL2ChMA-co-AM) and poly(PLA4ChMA-co-AM)
copolymers (with 30 mol.% macromonomer) is studied, as AM is commercially available and cheap.
The degradation experiments in the previous chapters were all conducted at higher temperatures,
in order to accelerate the process of polymer degradation and study its influence on sediment dewatering.
In the field, MFT is transferred to settling ponds where they see an average temperature of 15 °C. Hence,
sediment consolidation after flocculation of MFT diluted to 2 and 20 wt.% solids content with LA-based
materials at room temperature (~22 °C) has been studied, tracking water release over 12 weeks. The
experiments done with 20 wt.% MFT also unveils some understanding about the consolidation of
sediments under conditions approaching that of undiluted MFT (~33 wt.% solids).
The final section compares the dewatering behavior of the hydrolytically-degradable materials
developed in this study to that of FLOPAM A3338, a 30% anionic branched high MW PAM commercial
flocculant used currently in tailings treatment (18 million Da).

8.1 Copolymerization effect
In a previous study, it was determined that a copolymer synthesized from PCL2ChMA and AM with
30 mol.% macromonomer provided similar settling performance to the corresponding poly(PCL2ChMA)
homopolymer, as characterized by ISR, supernatant turbidity and CST measurements [28]. In addition,
although AM units do not degrade, the copolymer became more hydrophobic under accelerated
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degradation conditions. Adding the inexpensive AM to the material, however, reduces the charge density
of the polymer, and it must be examined whether application of copolymers leads to equivalent
dewatering as the homopolymer. Following the procedures of the previous study [28], poly(PCL2ChMAco-AM) and poly(PLA4ChMA-co-AM) with 30 mol.% macromonomer (corresponding to 76 and 78 wt.%
PCL2ChMA and PLA4ChMA, respectively) were synthesized.
The dewatering study follows the same procedure as used with the homopolymers. The polymers
were added at 10000 ppm to MFT diluted to 5 wt.% solids content. After 24 h it was observed that
poly(PCL2ChMA-co-AM) was not as effective as its homopolymer analog, resulting in turbid
supernatants as shown in Figure 36. Poly(PLA4ChMA-co-AM), on the other hand, had clear supernatants,
but the final mudline height reached after flocculation was higher than the one reached with
poly(PLA4ChMA).

Figure 36 - Comparison between 10000 ppm homopolymers and copolymers added to MFT diluted
to 5 wt.% solids content: poly(PCL2ChMA), poly(PCL2ChMA-co-AM), poly(PLA4ChMA), and
poly(PLA4ChMA-co-AM) (from left to right)
Two main conclusions can be drawn from these observations; the copolymerization with AM led
to more hydrophilic polymers [53] as expected, with lower charge densities [28] (∼1.4 mmol/g for the
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copolymers versus 1.8 mmol/g for the homopolymers) leading to less effective flocculation.
Poly(PLA4ChMA-co-AM) being more hydrophilic entraps more water in the flocs, resulting in a higher
mudline than poly(PLA4ChMA). Poly(PCL2ChMA-co-AM) having a lower charge density than
poly(PCL2ChMA) led to more turbid supernatants, seen elsewhere as well [28]. Because clay particles are
still present in the supernatants, the final mudline height with poly(PCL2ChMA-co-AM) is lower than that
with poly(PCL2ChMA). An interesting question to pose is: why did the LA-based copolymer lead to clear
supernatants while the CL-based one did not, as both copolymers have similar theoretical charge
densities?
The results of the dewatering study conducted using the flocculated sediment are plotted in Figure
37 (see also Table E.1). As also observed for the homopolymers, the faster degradation of
poly(PLA4ChMA-co-AM) leads to faster sediment dewatering than that found for poly(PCL2ChMA-coAM); both dewatering curves follow the same trends as seen for poly(PLA4ChMA) and
poly(PCL2ChMA), respectively. The final sediments volume of poly(PLA4ChMA-co-AM) is slightly
higher than that of the homopolymer analog, an expected result given that the copolymer is more
hydrophilic. The sediments volume of poly(PCL2ChMA-co-AM) did not change greatly after day 8
compared to poly(PCL2ChMA), whose mudline height continuously decreased after increasing the
temperature to 85 °C, lowering the differences in sediment volume seen after the initial settling.
In summary, copolymerizing PCL2ChMA with AM led to a less effective flocculant than
poly(PCL2ChMA) because higher polymer dosage is required to achieve similar supernatant clarity, and
less sediment dewatering was achieved. However, the copolymer of AM with PLA4ChMA was as
effective as PLA4ChMA homopolymer, providing comparable supernatant clarity and final sediment
solids content (Table 10). Hence, poly(PLA4ChMA-co-AM) seems to be a promising ‘cheaper’ flocculant
to consider in the future, with further experimentation necessary to balance the tradeoff between cost and
dewatering effectiveness.
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Figure 37 - Comparison of sediments consolidation between 10000 ppm homopolymers and
copolymers applied to MFT diluted to 5 wt.% solids content: () poly(PCL2ChMA),
() poly(PCL2ChMA-co-AM), (p) poly(PLA4ChMA), and (r) poly(PLA4ChMA-co-AM)
Table 10 - Comparison of solids content (measured and calculated) between the homopolymers and
copolymers added at 10000 ppm to 5 wt.% MFT
POLYMER

MEASURED CONTENT (%)

CALCULATED CONTENT (%)

Poly(PCL2ChMA)

17.5 ± 1.5

19.2

Poly(PCL2ChMA-co-AM)

16.8 ± 0.5

20.0

Poly(PLA4ChMA)

19.5 ± 1.3

25.6

Poly(PLA4ChMA-co-AM)

18.6 ± 0.4

22.7

8.2 Degradation at room temperature
The dewatering rates of flocculated settlements were also determined at room temperature conditions. As
summarized in Table E.2 (2 wt.% MFT samples), the dewatering achieved with the slower-degrading
poly(PCL2ChMA) was relatively low, with the mudline height decreasing from 18 to 13 mL over 12
70

weeks; most of the decrease occurred in week 1, likely due to release of trapped water after removal of
the supernatant from the sediment as observed with the non-degrading poly(TMAEMC). Thus, the
degradation rate of poly(PCL2ChMA) may be too low under field conditions to achieve significant
dewatering. The mudline height, however, decreased from 25 to 8 mL over 12 weeks for the sediment
flocculated with poly(PLA4ChMA), an even greater release of water than observed during the accelerated
degradation test results at higher temperature. Similar results were achieved with 20 wt.% MFT samples
(Table E.3), where LA-based polymers achieved ∼50% compaction compared to their CL analogs. Thus,
it is clear that the flocculants synthesized with LA-based macromonomers are more promising materials
for application to MFT tailings remediation at field conditions (pH=8-9 and ~15 °C).
Table 11 - Solids content (measured and calculated) of sediments collected from 20 wt.% MFT
flocculation after dewatering at room temperature over a 12 week period. 25000 ppm degradable
polymers and 20000 ppm of poly(TMAEMC) were added.

Poly(PCL2ChMA)
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FINAL
SEDIMENT
VOLUME
(mL)
56

Poly(PCL2ChA)

69

57

30.0 ± 0.8

35.1

Poly(PLA4ChMA)

93

47

31.7 ± 0.6

42.6

Poly(PLA4ChA)

81

46

32.2 ± 1.4

43.5

Poly(TMAEMC)

83.5

82

20.9 ± 0.2

24.4

POLYMER

INITIAL
SEDIMENT
VOLUME (mL)

MEASURED
CONTENT (%)

CALCULATED
CONTENT (%)

30.8 ± 0.7

35.7

The solids content was also measured for these sediments as reported in Table 11. The solids contents of
the sediments are higher than for the Chapter 7 experiments run at lower MFT content, as expected due to
the increase of MFT solids content. The measured final solids contents obtained using the four
poly(macromonomers) are quite similar after the 12 week degradation period, despite the increased
compaction (change in sediment volume) observed with poly(PLA4ChMA) and poly(PLA4ChA). This
observation may be related to the previously-discussed difficulties in using gravimetry to measure solids
contents. However, the initial volumes of the sediments settled with the LA-based materials were
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significantly greater than the CL-based materials. As such a large difference was not seen for experiments
conducted with MFTs at greater dilution, it is important to optimize the mixing procedure to maximize
the initial MFT dewatering during the flocculation, as it was done in other studies [79].
As a side note, flocculations of undiluted MFT with the poly(macromonomers) were attempted,
but because of mixing limitations, the flocculations were not successful. While some settling of the
tailings was observed in the beaker after addition of the polymer, sediments accumulated on the impeller
blades, negatively affecting the mixing. For undiluted MFT samples, it is necessary to develop mixing
and testing procedures using larger flocculation volumes (>250 mL).

8.3 Comparison with FLOPAM A3338
As mentioned previously, FLOPAM A3338 is a commercial anionic flocculating agent with extremely
high MW, >10MDa. The inability of the polymer to flocculate MFT diluted to 5 wt.% solids content is
shown in Figure 38, with the photograph taken 1 week after various dosing levels of the polymer were
applied. This result is not unexpected due to the anionic nature of the polymer: in deionized water, it lacks
the cations necessary to create salt linkages between the flocculant and the negatively charged clay
particles. Thus, there is only weak flocculation even at high polymer dosage (10000 ppm). Similar results
were also observed elsewhere [65]. Figure 39 contrasts this behavior to the flocculating ability of the
cationic materials synthesized in this work at similar conditions.
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Figure 38 - Flocculation cylinders with FLOPAM A3338 added to MFT diluted to 5 wt.% solids
content at 500, 1000, 2500, 5000, and 10000 ppm after 1 week

Figure 39 - Comparison between cationic poly(PCL2ChMA) and poly(PLA4ChMA), and anionic
FLOPAM A3338 at 10000 ppm added to MFT diluted to 5 wt.% solids content. Cylinders are
shown after 30 min and 1 week from the flocculation occurrence for cationic polymers and
FLOPAM A3338, respectively (left to right).
Increasing the ionic strength of the solution medium, by adding 1000 ppm of salts, led to better
MFT flocculation with lower dosage of FLOPAM A3338 (1000 ppm), as expected and shown in Figure
40. The polymer and salts concentrations were chosen in agreement with values found in the literature
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[54], [65], [79]. Figure 40 proves that divalent cations, such as Mg2+, results in better flocculations then
monovalent ones in combination with the FLOPAM A3338. .
The ability of the salts to coagulate 5 wt.% MFT mixtures in the absence of the polymeric
flocculating agent is shown in Figure 41. Divalent ions such as Mg2+ well coagulate the MFT by a
phenomenon known as “sweep flocculation” [45], providing similar supernatant clarity as when it is
coupled with FLOPAM A3338. Nevertheless, addition of the anionic flocculant provides bridging of the
flocs, reflected by better sediments consolidation with a decrease in the sediment volume from 35 to
22 mL (calculated solids content of 14.3% and 22.7%, respectively). With the monovalent cations, the
supernatant clarity was better in the absence of FLOPAM A3338 (Figure 41) compared to when it was
added (Figure 40). It is probable that at these conditions, the monovalent cations are either neutralizing
the anionic polymer or the clay particles, but do not enhance the interaction between polymer and
particles. Other work has concluded that a further increase in cation concentration results in effective
settling of clay particles with clear supernatants [80].

Figure 40 - FLOPAM A3338 at 1000 ppm added to MFT diluted to 5 wt.% solids content; with no
salt, 1000 ppm NaCl, choline chloride, and MgSO4 (left to right), with salt concentration specified
relative to the entire mixture volume. The cylinders are shown after 24 h.
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Figure 41 - Effect of adding 1000 ppm of salts to MFT diluted to 5 wt.%; solids content; NaCl,
choline chloride, and MgSO4 (left to right). The cylinders are shown after 24 h.
The sediments resulting from the addition of FLOPAM A3338 with Mg2+ to MFT diluted to
5 wt.% solids were treated to the same accelerated dewatering conditions as the sediments in Chapter 7.
As expected, no water was released (see Figure E.1) since A3338 is not degradable. The final solids
content measured for this 5 wt.% sample was 19.0% ± 0.5 (22.7% calculated value), similar to the values
determined for sediments flocculated by the LA-based materials after degradation (see Table 9 of Chapter
7). Thus, the cationic material developed in this work matches the solids content achieved with a
commercial flocculating agent used for MFT, but without the addition of salt. For flocculation of 20 wt.%
MFT, however, the dewatering achieved with the LA-based materials was greater, as the FLOPAM
A3338 flocculated the material to a final mudline height of 64 mL, corresponding to a solids content of
25.5% ± 0.5 (31.3% calculated value) less than the values reported for the degradable polymers in Table
11. Thus, under the conditions utilized in this study, the new cationic polymers achieve better
performance. It should be noted that the required poly(PLA4ChMA) dosage to achieve this performance is
25000 ppm (relative to solids content), significantly higher than the 1000 ppm of FLOPAM A3338 used.
However, the cations added to the FLOPAM A3338/Mg2+ system present a major disadvantage for
reusing the recovered water in bitumen extraction as discussed in Chapter 2.
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8.4 Summary
This chapter summarizes targeted experiments performed to investigate three aspects related to largerscale application of the hydrolytically-degradable cationic polymers for MFT flocculation. The first part
discussed the effect of copolymerizing the macromonomers with a cheap comonomer, such as AM, to
reduce the cost of the final product. While poly(PLA4ChMA-co-AM) showed comparable flocculation
and sediment consolidation behaviors to its homopolymer analog at similar conditions, poly(PCL2ChMAco-AM) did not; the resulting supernatants were turbid and the sediments stopped dewatering after day 8
during the accelerated degradation. Secondly, polymer degradation in the sediments was studied at room
temperature. At these conditions, sediments resulting from flocculations with LA-based polymers showed
∼50% compaction over 12 weeks, demonstrating that they are promising flocculants for large scale MFT
treatment under field conditions. However, mixing optimization is required to achieve MFT dewatering at
higher solids content with less polymer. Finally, flocculation studies conducted with the commercial
anionic FLOPAM A3338 demonstrated that it could achieve similar MFT dewatering at 5 wt.% solids
only when combined with divalent salts. Although FLOPAM A3338 is used at lower dosages (with the
added salts) compared to the cationic degradable polymers, the latter had better sediment consolidation at
higher MFT solids content (20 wt.%).
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Chapter 9
Conclusion and Future Work
Four variants of polyester-based macromonomers – acrylate and methacrylate versions containing CL or
LA units – were synthesized via ring-opening polymerization through simple modifications to the
procedure previously developed for PCL2ChMA. The materials were then radically polymerized to
produce partially hydrolytically-degradable polymers tested as flocculating agents for oil sands MFT.
With similar charge densities and molecular weights, the four flocculants showed similar effectiveness in
treating the MFT. Changing from a methacrylate polymerizable group to an acrylate and using LA in
place of CL units had no effect on the settling of MFT solids, as characterized by ISR and supernatant
turbidity. The initial dewaterability of the resulting sediments, as characterized by CST, was slightly
higher for the LA-based flocculants due to their increased hydrophilicity compared to the CL-based
analogs.
The differences between the materials were clearly seen in the polymer degradation studies, in
which the LA-based polymers became hydrophobic after five days at 50 °C, whereas the CL-containing
materials showed little change in properties until temperature was raised to 85 °C. The advantage of the
faster degradation rates for application to oil sands tailings was demonstrated by quantifying the amount
of further water released by the sediments separated after MFT flocculation, a new test developed in this
study. With poly(PLA4ChMA) and poly(PLA4ChA) flocculants, the sediments released about 50% of
their initial volume within 5 days when held at 50 °C, whereas higher temperature was needed to
accelerate the water release from sediments flocculated with the CL-based polymers. The newly
developed test, which directly quantifies the increased sediment compaction that occurs in the MFT
sample, was also used to demonstrate that only a minimal amount of water is released using a nondegrading cationic polymer as a flocculant. Most significantly, ∼50% of compaction occurs in MFT
sediments flocculated with LA-based polymers when held at room temperature over several weeks,
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suggesting that these materials degrade at a fast enough rate to provide solids compaction under field
conditions. In addition, a copolymer of PLA4ChMA and AM (30 mol.% macromonomer), had similar
flocculation and sediment dewatering performance as poly(PLA4ChMA) at similar conditions.
Follow-up work is needed to pursue this promising development. Relatively high polymer
dosages (10,000 ppm and up based on sample solids content) were required for the initial separation of
the MFT sediments and to achieve good supernatant clarity. This may be due to a combination of factors
including wall effects arising from the use of 100 mL graduated cylinders in our small-scale studies and
the procedures adopted to mix the flocculant and MFT [79]. However, on a comparative basis under
identical mixing conditions, the cationic materials synthesized in this study performed significantly better
than a nonionic high MW PAM homopolymer and anionic FLOPAM A3338 (with added salts). Scale-up
of both macromonomer synthesis and testing on undiluted MFT, and further ambient temperature testing
should be conducted. In addition, optimizing the mixing procedure is crucial to achieve better MFT
dewatering with the degradable polymers during the flocculation phase, and should be considered in the
future. Finally, sediment characteristics such as yield stress, and the potential toxicity [81] of the watersoluble degradation products have to be studied as well.
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Appendix A
Macromonomer Synthesis and Characterization

1

Figure A.1 - H-NMR spectrum and peak assignment for PCL2De in CDCl3 at 25 °C

n=

∫ G + ∫ B = 1.92 + 2 = 1.96 ! 2
2
∫B

%CLconversion =
=

∫ G + ∫ B × 100
∫ G + B + ∫ CL
1.92 + 2

1.92 + 2 + 0.34

× 100 = 92.01 ! 92
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1

Figure A.2 - H-NMR spectrum and peak assignment for PCL2DeMA in CDCl3 at 25 °C
n=

0.5

( ∫ L + ∫ P) = 0.5(1.90 + 1.84) = 1.87 ! 1.9
∫B

1
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1

Figure A.3 - H-NMR spectrum and peak assignment for PCL2ChMA in CDCl3 at 25 °C
n=

0.5

( ∫ M + ∫ K ) = 0.5( 2.03 + 2.11) = 2.07 ! 2.1
∫B

1

The spectrum indicates 8 mol% of TMAEMI (n=0 material) in the final product.
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1

Figure A.4 - H-NMR spectrum and peak assignment for PLA4De in CDCl3 at 25 °C

n=

∫ C + ∫ D = 1 + 2.84 = 3.84 ! 4
1
∫C

%LAconversion =
=

∫ C + ∫ D × 100
∫C + ∫ D+ ∫ X
1 + 2.84

1 + 2.84 + 0.25

× 100 = 93.88 ! 94
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1

Figure A.5 - H-NMR spectrum and peak assignment for PLA4DeMA in CDCl3 at 25 °C
n=

∫ E = 3.99 ! 4
∫B 1
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1

Figure A.6 - H-NMR spectrum and peak assignment for PLA4ChMA in CDCl3 at 25 °C
n=

∫ E = 4.03 ! 4
∫B 1
In this last spectrum, it seems that enantiomers of the final product have formed and this is proved

from peaks C, E, G, and J. However, the integration matches the number of protons attached to each
carbon and the chemical shifts are similar to the ones for PLA4DeMA in Figure A.5, which means that the
desired cationic macromonomer was synthesized.
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Table A.1 - ROP of LA results under different conditions
REACTION

M/C

M/I

1-PLA2De
1-PLA4De
2-PLA4De
3-PLA4De
4-PLA4De
5-PLA4De
6-PLA4De
7-PLA4De
8-PLA4De
1-PLA3De

600
1000
1000
1000
1000
1000
1000
1000
1000
1000

1:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
2:1
1.5:
1

TIME
(min)
150
105
35
25
20
15
10
7.5
5
7.5

ENANTIOMER
RATIO (S/R)
1:1
2:1
8:1
12:1
15:1
20:1
25:1
40:1
One peak
17:1
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UNFUNCTIONALIZED
INITIATOR?
Yes
No
No
No
No
No
No
No
No
Yes

CONVERSION
(%)
96.15
96.43
95.62
96.35
95.65
95.65
94.44
92.40
89.40
95.37

1

Figure A.7 - H-NMR spectrum and peak assignment for PCL2De in CDCl3 at 25 °C

n=

∫ G + ∫ B = 2.36 + 2 = 2.18 ! 2.2
2
∫B

%CLconversion =
=

∫ G + ∫ B × 100
∫ G + B + ∫ CL
2.36 + 2

2.36 + 2 + 0.33

× 100 = 92.96 ! 93
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1

Figure A.8 - H-NMR spectrum and peak assignment for PCL2DeA in CDCl3 at 25 °C
n=

0.5

( ∫ K + ∫ M ) = 0.5( 2.33 + 1.96) = 2.15 ! 2.2
∫A

1
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1

Figure A.9 - H-NMR spectrum and peak assignment for PCL2ChA in CDCl3 at 25 °C
n=

0.5

( ∫ J + ∫ L) = 0.5( 2.04 + 2.41) = 2.23 ! 2.2
∫A

1

The spectrum indicates 7 mol% of TAEMI (n=0 material) in the final product.
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1

Figure A.10 - H-NMR spectrum and peak assignment for PLA4De in CDCl3 at 25 °C

n=

∫ A + ∫ C = 1 + 3.06 = 4.06 ! 4
1
∫A

%LAconversion =
=

∫ A + ∫ C × 100
∫ A+C + ∫X
1 + 3.06

1 + 3.06 + 0.29

× 100 = 93.33 ! 93
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1

Figure A.11 - H-NMR spectrum and peak assignment for PLA4DeA in CDCl3 at 25 °C
In Figure A.11, peak D’ is equivalent to peak A in Figure A.10.
n=

∫ D = 4.22 ! 4
∫A

%PLA4 De =
=

(4)

∫A
∫ A + ∫ D'
1

1 + 0.1

(5)

= 90.9 ! 91

The integrations of peaks D, E, F, G, and K are a bit higher than expected because the peaks of the
unreacted PLA4De overlap with them.
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1

Figure A.12 - H-NMR spectrum and peak assignment for PLA4ChA in CDCl3 at 25 °C
In Figure A.12, peak D’ is similar to peak A in Figure A.10.
n=

∫ D = 4.63 ! 4
∫A

The integrations of peaks D, E, F, G, and K are a bit higher than expected because the peaks of the
unreacted PLA4De overlap with them.
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Table A.2 - Acrylation reaction trials to reach suitable conditions
REACTION
1
2
3
4
5
6
7
8
9
10
(PCL2De)

CONDITIONS
[OH]=0.5 mol/L, 0-4 °C, ACl
fed over 4 h, reaction left for 3 h
after feeding
[OH]=0.5 mol/L, 0-4 °C, ACl
fed over 5 h, reaction left for
24 h after feeding
[OH]=0.2 mol/L, 0-4 °C, ACl
fed over 1 h, reaction left for 3 h
after feeding
[OH]=0.2 mol/L, 0-4 °C, ACl
fed over 1 h, reaction left for
48 h after feeding
[OH]=0.2 mol/L, 22.5 °C, ACl
fed over 1 h, reaction left for 3 h
after feeding
[OH]=0.2 mol/L, 22.5 °C, ACl
fed over 1 h, reaction left for
24 h after feeding
[OH]=0.2 mol/L, 38 °C, ACl
fed over 1 h, reaction left for 3 h
after feeding
[OH]=0.2 mol/L, 38 °C, ACl
fed over 1 h in THF, reaction
left for 5 h after feeding
[OH]=0.2 mol/L, 38 °C, ACl
fed over 1 h in THF, reaction
left for 24 h after feeding
[OH]=0.2 mol/L, 38 °C, ACl
fed over 1 h in THF, reaction
left for 5 h after feeding

OBSERVATIONS (CONVERSION%)
Lots of white deposits on the needle. Big solid
formation and very cloudy flask at the end of
reaction (20.0)
Lots of white deposits on the needle. Small solid
formation and very cloudy flask at the end of
reaction (23.4)
Less white deposits on the needle. Small solid
particles inside the flask and cloudy flask at the end
of reaction (19.0)
Less white deposits on the needle. Few solid
particles inside the flask and cloudy flask at the end
of the reaction (46.7)
Less white deposits on the needle. Few solid
particles inside the flask and nearly clear flask at the
end of the reaction (40.5)
Less white deposits on the needle. No solid particles
inside the flask and nearly clear flask at the end of
the reaction (51.3)
Less white deposits on the needle. No solid particles
inside the flask and clear flask at the end of the
reaction (84.7)
Less white deposits on the needle. No solid particles
inside the flask and clear flask at the end of the
reaction (90.1)
Less white deposits on the needle. No solid particles
inside the flask and clear flask at the end of the
reaction (≥ 90.9)
Less white deposits on the needle. No solid particles
inside the flask and clear flask at the end of the
reaction (∼ 100)
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Figure A.13 - ESI spectra showing relative intensity (mol basis) as a function of macromonomer
molecular weight (Da) of (top) PCL2ChA and (bottom) PLA4ChA
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Appendix B
Polymer Characterization and Degradation
Table B.1 - Time required for a 10 wt.% polymer solution to drain from a pipette at room
temperature, as a qualitative indicator of relative viscosities
POLYMER

Time 1 (s)

Time (s)

Time (s)

Poly(PCL2ChMA)

0.38

0.30

0.38

Poly(PCL2ChA)

0.34

0.32

0.34

Poly(PLA4ChMA)

0.74

0.72

0.68

Poly(PLA4ChA)

0.37

0.34

0.38

Figure B.1 - Photographs (taken daily) of 1 wt.% polymer solutions in water during the accelerated
degradation study. Solutions held at 50 °C for six days, and then at the increased temperature of
85 °C for the remainder of the test. The increase in hydrophobicity upon degradation led to the
precipitation of polymers from aqueous solution (circled in red)
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Table B.2 - Dispersity values with time from DLS particle size distribution measurements for the
four synthesized polymers during the polymer degradation study in 1 wt.% solution (6 days at
50 °C followed by an increase in temperature to 85 °C) (every measurement is the average of 30
scans and was repeated 3 times)
PDI
DAYS

Poly(PCL2ChMA)

Poly(PCL2ChA)

Poly(PLA4ChMA)

Poly(PLA4ChA)

0

0.699

0.298

0.624

0.265

1

0.46

0.161

0.492

0.27

2

0.361

0.435

0.438

0.208

3

0.36

0.328

0.353

0.097

4

0.364

0.308

0.378

0.264

5

0.394

0.253

0

0

6

0.444

0.416

0

0

7

0.205

0.429

-

-

8

0.068

0.53

-

-

9

1

1

-

-

10

0

0.382

-

-

11

-

0

-

-
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Figure B.2 - Variation of zeta potential with time of () poly(PCL2ChMA), () poly(PCL2ChA),
(p) poly(PLA4ChMA), and (r) poly(PLA4ChA) ) during the degradation study of 1 wt.% polymer
dispersions in aqueous solution at 50 °C then 85 °C after day 6 (every measurement is the average
of 30 scans and was repeated 3 times)
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Figure B.3 - Proposed water-soluble degradation products: (A) from choline, (B) and (C) from CLbased polymers, and (D), (E), and (F) from LA-based polymers (degradation products are based on
n=2 and n=4 CL and La-based polymers, respectively)
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Figure B.4 - 1H-NMR spectra with tentative peak assignment for the degradation products of
poly(PCL2ChA) (above) and poly(PLA4ChA) (below) in 10 wt.% solution in D2O (degradation
products are based on n=2 and n=4 CL and LA-based polymers, respectively)
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Appendix C
Oil Sands Flocculation Studies

Figure C.1 - Settling curves (relative mudline position in a 100 mL graduated cylinder) for the
flocculation of A) poly(PCL2ChMA), B) poly(PCL2ChA), C) poly(PLA4ChMA), and
D) poly(PLA4ChA) at different dosages in 2 wt.% MFT
Table C.1 - Supernatant turbidity data measured 24 h after settling of 2 wt.% solids content
Coanada MFT treated with varying flocculant dosage
DOSAGE (ppm)

Poly(PCL2ChMA)

Poly(PCL2ChA)

Poly(PLA4ChMA)

Poly(PLA4ChA)

3000

772 ± 4.6

5048 ± 10

957 ± 3.5

1653 ± 5.5

5000

58 ± 0.75

642 ± 2.1

150 ± 0.0

645 ± 1.2

7000

12 ± 1.1

18 ± 0.060

25 ± 1.2

84 ± 0.95

9000

5 ± 0.030

15 ± 0.12

3 ± 0.050

39 ± 1.3
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Table C.2 - CST data measured 24 h after settling of 2 wt% solids content Coanada MFT treated
with varying flocculant dosage
DOSAGE (ppm)

Poly(PCL2ChMA)

Poly(PCL2ChA)

Poly(PLA4ChMA)

Poly(PLA4ChA)

3000

52.3 ± 2.71

56.9 ± 5.64

169 ± 17.1

125 ± 1.70

5000

28.0 ± 4.71

49.2 ± 4.06

91.2 ± 6.04

84.6 ± 13.5

7000

11.6 ± 2.35

27.3 ± 2.80

63.2 ± 0.115

66.8 ± 1.72

9000

14.3 ± 0.450

28.9 ± 1.66

22.6 ± 4.16

50.5 ± 8.93

Figure C.2 - FBRM results showing A) mean size of flocs, B) number of flocs, and C) floc size
distribution of 2 wt.% MFT as flocculated using poly(PCL2ChA) at different dosage
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Figure C.3 - FBRM results showing A) mean size of flocs, B) number of flocs, and C) floc size
distribution of 2 wt.% MFT as flocculated using poly(PLA4ChMA) at different dosage

Figure C.4 - FBRM results showing A) mean size of flocs, B) number of flocs, and C) floc size
distribution of 2 wt.% MFT as flocculated using poly(PLA4ChMA) at different dosage
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Figure C.5 - Number of flocs measured by FBRM after 30 min for 2 wt.% MFT flocculated using
the four degradable polymers (see legend) at different dosage
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Appendix D
Sediments Dewatering and Consolidation Studies
Table D.1 - Mudline heights of the sediments flocculated by poly(PCL2ChMA). The difference in
height from the original value indicates the amount of water released from the sediments as the
sediment consolidates. Samples held at 50 °C until day 5 then at 85 °C.6
Day

Cylinder 0

Cylinder 1

Cylinder 2

Cylinder 3

Cylinder 4

Cylinder 5

Cylinder 6

0
1
2
3
4
5
6
7
8

16

16
13

17
15
14
14

14.5
11.5
11
11
11
11

14
11
11
11
11
11
10

13
10.5
10.5
10.5
10.5
10.5
9.5
8.75

12
10
10
10
10
10
9
8.5
8

Table D.2 - Mudline heights of the sediments flocculated by poly(PCL2ChA). Samples held at 50 °C
until day 5 then at 85 °C.
Day

Cylinder 0

Cylinder 1

Cylinder 2

Cylinder 3

Cylinder 4

Cylinder 5

Cylinder 6

0
1
2
3
4
5
6
7
8

16

14.5
12

17.5
14.5
14
14

15
12.5
12
12
12
12

15.5
13.5
13
13
13
13
10

15
12.5
12
12
12
12
10
9

13.5
11.5
11
11
11
11
10
9
8

6

Every day, one of the cylinders in Table D.1-Table D.5 was removed for further testing on the solids.

110

Table D.3 - Mudline heights of the sediments flocculated by poly(PLA4ChMA). Samples held at
50 °C until day 5 then at 85 °C.
Day
0
1
2
3
4
5

Cylinder 0
14

Cylinder 1
14
10

Cylinder 2
14
10
9

Cylinder 3
14
10
9
8

Cylinder 4
14
9
8
7.5
7

Cylinder 5
14
9
8.5
7.75
7.5
7

Table D.4 - Mudline heights of the sediments flocculated by poly(PLA4ChA). Samples held at 50 °C
until day 5 then at 85 °C.
Day

Cylinder 0

Cylinder 1

Cylinder 2

Cylinder 3

Cylinder 4

Cylinder 5

0
1
2
3
4
5

17

15.5
11

15
10
9

16
10.5
9
8.25

15.5
10
9
8
7.5

14.5
9.5
8
7.25
7
7

Table D.5 - Mudline heights of the sediments flocculated by poly(TMAEMC). Samples held at 50 °C
until day 5 then at 85 °C.
Day
0
1
2
3
4
5
6
7
8

Cylinder 0
19

Cylinder 1
19
16.5

Cylinder 2
18
16
16
15.75
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Cylinder 3
18
16
16
15.75
15.5
15.5

Cylinder 4
18
15
15
14.75
14.75
14.75
14.75
14.75

Cylinder 5
16.5
14.5
14.5
14.25
14
14
14
14
14

Figure D.1 - A visual record of dewatering from accelerated in-situ degradation of sediments
obtained from flocculation of 2 wt.% MFT sediments by 10000 ppm poly(PCL2ChA) and
poly(PLA4ChA)
Table D.6 - Heights of the sediments collected 24 h after the flocculation of 2 wt.% solids content
MFT with 10000 ppm polymers. The decrease in sediment heights correspond to water released
during accelerated in-situ degradation at 50 °C until day 5 then at 85 °C.
Day

Poly(PCL2ChMA)

Poly(PCL2ChA)

Poly(PLA4ChMA)

Poly(PLA4ChA)

Poly(TMAEMC)

0
1
2
3
4
5
6
7
8
9
10

20
17
17
16.5
16
16
13
12.5
12
12
11.5

21
18.5
18
18
17.5
17.5
14.5
13.5
13
12.5
12.5

23
17
15
14
13
12
11
11
10.5
10.5
10

22
16
14
13
12
11.5
11
11
10.5
10.5
10.5

21
19
18.5
18
18
18
17
17
17
17
17
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Figure D.2 - A visual record of dewatering from accelerated in-situ degradation of sediments
obtained from flocculation of 2 wt.% MFT sediments by 10000 ppm PAM. Sediments show no
water release throughout degradation
Table D.7 - Heights of the sediments collected 24 h after the flocculation of 5 wt.% solids content
MFT with 10000 ppm polymers. The decrease in sediment heights correspond to water released
during accelerated in-situ degradation at 50 °C until day 5 then at 85 °C.
Day

Poly(PCL2ChMA)

Poly(PCL2ChA)

Poly(PLA4ChMA)

Poly(PLA4ChA)

Poly(TMAEMC)

0
1
2
3
4
5
6
7
8
9
10

36
33
33
32
31.5
31.5
30.5
29
28
27
26

34
30.5
30
29
29
29
28
27
26
25.5
24.5

39
31
27
25
24
23
21
20
19.5
19.5
19.5

32
27
25
22
21
20
19
18.5
18.5
18.5
18.5

41
39
39
38.5
38.5
38
37
37
36.5
36.5
36.5
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Table D.8 - Heights of the sediments collected 24 h after the flocculation of 10 wt.% solids content
MFT with 15000 ppm biodegradable polymers and 10000 ppm poly(TMAEMC). The decrease in
sediment heights correspond to water released during accelerated in-situ degradation at 50 °C until
day 5 then at 85 °C.
Day

Poly(PCL2ChMA)

Poly(PCL2ChA)

Poly(PLA4ChMA)

Poly(PLA4ChA)

Poly(TMAEMC)

0
1
2
3
4
5
6
7
8
9
10

46
45
44.5
44.5
44.5
43
40
35
34
33.5
33.5

41
40
40
40
40
38.5
35
33
32
31.5
31.5

50
46
43
41
36
34
32
30.5
30.5
30
30

48
43
36
32
27
26
25.5
25
25
24
24

53
52
52
52
52
52
50
48.5
48.5
48
48
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Appendix E
Investigations towards Large Scale Application
Table E.1 - Heights of the sediments collected 24 h after the flocculation of 5 wt.% solids content
MFT with 10000 ppm copolymers and homopolymers. The decrease in sediment heights correspond
to water released during accelerated in-situ degradation at 50 °C until day 5 then at 85 °C.
Day

Poly(PCL2ChMA)

0
1
2
3
4
5
6
7
8
9
10

36
33
33
32
31.5
31.5
30.5
29
28
27
26

Poly(PCL2ChMAco-AM)
33
28.5
28
27.5
27.5
27.5
26.5
26
25
25
25

Poly(PLA4ChMA)
39
31
27
25
24
23
21
20
19.5
19.5
19.5

Poly(PLA4ChMAco-AM)
43
33
29.5
28
27
26
24
23
22.5
22
22

Table E.2 - Heights of the sediments collected 24 h after the flocculation of 2 wt.% solids content
MFT with 10000 ppm polymers. The decrease in sediment heights correspond to water released
during in-situ degradation at room temperature.
Week

Poly(PCL2ChMA)

Poly(PLA4ChMA)

0
1
2
3
4
5
6
7
12

18
15
14.5
14
14
14
14
14
13

25
21
17.5
16
14
13
12
11
8
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Table E.3 - Heights of the sediments collected 1 week after the flocculation of 20 wt.% solids
content MFT with 25000 ppm degradable polymers and 20000 ppm poly(TMAEMC). The decrease
in sediment heights correspond to water released during in-situ degradation at room temperature.
Week
1
8
10
12

Poly(PCL2ChMA)
62
56
56
56

Poly(PCL2ChA)
69
57
57
57

Poly(PLA4ChMA)
93
52
49
47

Poly(PLA4ChA)
81
52
47
46

Poly(TMAEMC)
83.5
82.5
82
82

Figure E.1 - A visual record of dewatering from accelerated in-situ degradation of sediments
obtained from flocculation of 5 wt.% MFT sediments by 1000 ppm FLOPAM A3338 with
1000 ppm solution-based Mg2+. Sediments show minimal water release (2 mL) throughout
degradation.

116

