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Abstract

Controlling the Radical Polymerization of Polyacrylamide from the Surface of Activated Carbon

for Flocculation Applications

Kyle Matthew D. Reyes

The oil sands industry is producing large volumes of tailings waste reaching 2 billion
cubic meters by 2034.! In this study, the industrial standard flocculant, high molecular weight
PAM, was grafted from the surface of activated carbon (AC). This material was designed to
increase the flocculant's hydrophobicity and density. Different molecular weight PAM was
grafted from AC with different AC contents and particle sizes (AC-PAMs). The AC-PAMs were
synthesized by surface-initiated atom transfer radical polymerization (SI-ATRP). The AC-PAMs
achieved molecular weights 107 — 5,600 kg/mol and AC content of 0.2 — 5.8% on <0.1 and 0.1 —
0.5 mm AC particle diameters. AC-PAM achieved higher solids contents up to 51 wt% using
AC-PAM with 5.1 wt% AC due to the grafting from a hydrophobic AC core. To summarize, our
work shows the successful grafting of PAM from AC and its potential as a flocculant for mature

fine tailings.
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1. Introduction

1.1.Mature Fine Tailings

Canada is home to the third largest oil reserve in the world in the form of oil sand deposits,
with an estimated volume of 28.3 billion cubic meters.? The Clark hot water process extracts
bitumen from oil sands, which mixes crushed oil sand ores with hot alkaline water. Then, the
bitumen is separated by a flotation process. This process extracts ~90% of the bitumen and
requires 2.5 m> of water at 40-80°C for each barrel of bitumen extracted.® This process produces

large volumes of oil sand tailings, which are collected in tailing ponds.

Over time, tailing ponds will form three regions due to the sand, silt, and clay particles
settling by gravity. The top layer comprises the supernatant water contaminated with polycyclic
hydrocarbons, heavy metals, and naphthenic acids. The next layer underneath consists of fine
clay and silt particles with less than 15 wt % solids called fluid fine tailings.* Finally, a layer of
mature fine tailings (MFT) consists of approximately ~30-35 wt % solids, ~65 wt % water, and
~3-5 wt % residual bitumen.’ The majority of the solids have a particle size of either 2-44 pm (78
%, fine silt) or <2 um (19 %, fine clay), while only 4% are >44 pum (coarse sand).® These solids
are mostly kaolinite, illite, and mixed-layer clays, such as interstratified illite-smectite and
kaolinite-smectite. Due to their strong negative zeta potential, these solids are responsible for the
colloidal stability of MFTs.” Additionally, the residual bitumen binds clay particles that trap
water by constricting interparticle pathways. Together, they form a gel-like suspension that could

take several decades to settle and release the captured water.®

The inability to separate the water from the MFTs produces a large volume of tailings,

projected at current rates to reach 2 billion cubic meters by 2034.! These tailings are stored in



artificial ‘ponds’ that cover an area approximately one-and-a-half times the size of Vancouver
(176 km?).” Hence, these tailings challenge the oil sands mining industry with two major
problems. First, the ponds occupy large areas of land that cannot be used and must be
rehabilitated. Second, the water in the MFT remains trapped and unusable for further bitumen

extraction.

1.2.Dewatering Oil Sand Tailings

The treatment of tailings requires the solids to settle in a reasonable time and to recover
the maximum volume of water possible that reaches the quality standards so that it can be reused
in the bitumen extraction process.'’ The two leading large-scale dewatering technologies

currently being developed to achieve these are consolidated and paste technologies.

1.2.1.  Consolidated Tailings

The consolidated tailings process mixes coarse sand from fresh tailings with mature fine
tailings and a coagulant to form a non-segregating mixture. The coarse sand is expected to
aggregate with the fine clay particles in the MFT, creating a denser solids phase and releasing
particle-free water.!! The coagulant facilitates consolidation by reducing the repulsive forces
between the negatively charged clays via charge neutralization.® Inorganic coagulants are
typically employed, with gypsum proven to be the most effective and accessible. However,
adding inorganic coagulants results in high concentrations of divalent ions (e.g. Ca** and SO4*)
in the recovered water.!! These divalent ions lower the efficiency of bitumen extraction and oil
recovery by diminishing the long-range repulsive force and enhancing the adhesion force
between silica and bitumen.'? Therefore, better alternatives to the consolidated tailings process,

such as paste technology, are being explored.



1.2.2.  Paste Technology

The current paste technology uses a polymer flocculant to rapidly thicken the fluid fine
tailings into a paste, increasing the solids content from approximately 15 wt% to 30 wt %.° It is
generally accepted that the polymer flocculant forms bridges between the suspended particles in
the tailings. This achieves a denser solid aggregate, releasing water and increasing the solids'
content. Compared to the consolidated tailings process, divalent cations detrimental to bitumen
extraction are not leached into the reclaimed water. However, paste technology has been limited
to only thickening FFTs and not treating MFTs since the flocculated MFT still contains large
volumes of water that cannot be easily removed. This prevents the complete reclamation of land
and water from the tailings, resulting in the continued need for tailings ponds.!* Despite these
disadvantages, paste technology has been successfully applied in other mining industries to
obtain sediments with solids content between 50-70 wt%.'* Hence, more polymeric flocculants
are currently being explored to push the development of paste technology for the remediation of

MFTs.

1.2.2.1.  Polymeric Flocculants

Polyacrylamide or polyacrylamide copolymers are currently used as commercial polymeric
flocculants (Figure 1.1). Segments of these polymer flocculants are diffusively transported to the
solid-water interface, where irreversible solid-polymer attachment can occur via van der Waals

or electrostatic attraction.
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Figure 1.1 Structure of a) non-ionic PAM, b) cationic PAM (PAM-co-PDADMAC), ¢) anionic PAM (PAM-co-PAA), and d)
hydrophobic PAM (PAM-c-P(t-BAAM).

The primary constraint of polymers in flocculating is their ability to adsorb multiple
suspended solid particles in a single chain. This requires the extended polymer chain segment to
be at least twice the length of the fine clay particles' electrical double layer (EDL). Polymer

chain segments can have different possible conformations, which can improve or hinder particle

EDL
thickness

bridging (Figure 1.2).1°

Figure 1.2 Possible polymeric flocculant conformations following adsorption. (A) single point attachment; (B) loop adsorption;
(C) flat multiple site adsorption; (D) high molecular weight random coil; (E) non-uniform segment distribution; and (F)
multilayer adsorption.

The adsorbed polymer conformation depends on five essential characteristics:'

1. Polymer chain length: At a fixed adsorption density, the polymer chain could reach a
length where it starts to coil (D, E, and F). This could reduce its adequate adsorption
capacity due to self-interaction. However, the polymer chain should not be shorter than

two times the EDL of the suspended solids.



2. Polymer-solids interaction: Strong polymer-solids interaction causes the polymer to
collapse on the clay’s surface (C, E, and F). The polymer should be weak enough to
extend from its anchor point on the clay surface.

3. Polymer-water interaction: Hydrophilicity allows the polymer to maximize its contact
with water and access more clay particles (A, B, and D). Consequently, hydrophilicity
increases water retention in flocs, decreasing net water release and solids content.

4. Polymer self-interaction: Favorable attraction between functional groups on the polymer
chain causes self-collapse and the formation of loops and coils, which hinder particle
bridging (D, E, and F).

5. Polymer chain stiffness: Stiffer polymers will be more resistant to changes in their
conformation (A and C). Polymers should achieve a balance between surviving fluid
shear and reorienting their chains to form denser flocs.

Polyacrylamide (PAM) based flocculants typically reach high molecular weights of up to 10

" g/mol."”

PAM achieves a good polymer-solid interaction through hydrogen bonding between its
amide functionality and the clay's silica/silanol groups.'® PAM is also very hydrophilic and not
stiff. Hence, it is typically used as a flocculant in the mining industry.®

However, polyacrylamide has a high polymer self-interaction due to its amide functionality,
making it inefficient for the flocculation of fine clay particles (< 2 pum) as it forms a gel-like
network via hydrogen bonding that retains large volumes of water.!® The inability to separate
fine clay particles (< 2 um) is detrimental to the infrastructure used in the oil extraction process
since the primary use of the separated water is in the extraction process. The floc’s retention of

large volumes of water leads to a low resulting solids content. This makes it challenging to

achieve the target 75 wt% solids content required for reclamation.®



Given these limitations, new approaches to polymer flocculation are being sought, primarily
through developing new polymeric flocculants. Research has mainly focused on developing new
polyacrylamide-based polymers due to PAM’s accessibility and functionality. PAM can be
modified by changing its molecular weight, chemical composition, and architecture (branched or

linear) through copolymerization.

Charged polymers can extend their polymer segments in solution due to electrostatic
repulsion between different chains and within polymer chain segments. Polyacrylamide (PAM)
can be charged by copolymerizing with an ionizable monomer. A cationic polyacrylamide can be
synthesized by copolymerization with acryloyloxyethyl trimethylammonium chloride
(DMC/DAC),?° and diallyl dimethyl ammonium chloride (DADMAC) monomers to neutralize
the negatively charged clay particles.>! However, the favorable charge pair between cationic
PAM and the suspended solids causes the polymer to collapse onto the solid’s surface, unable to
extend into the solution for bridging. On the other hand, anionic polyacrylamide can be utilized
to flocculate negatively charged particles. This occurs through divalent metal ions, bridging the
flocculant and particles.?? Due to the heterogeneous distribution of charges on the surface of the
suspended solids, local positively charged areas also adsorb the negatively charged polymer.>* A
lower affinity for polymer-solid adsorption allows the anionic PAM to conform to a more
extended morphology capable of bridging more particles. Because of this, multiple studies have
found that anionic PAM with 22-30% of its polymer backbone charged and high MW (10%7)
linear chains were the most efficient flocculants for treating oil sands tailings.?*> > Anionic PAM
has been made with acrylic acid (AA), methacrylic acid (MAA), and 2-acrylamide-2-methyl-1-
propanesulfonic acid (AMPS).?” Despite flocculating well, anionic PAM is still unable to

effectively dewater oil sands tailings due to the polymer’s high hydrophilicity.



Therefore, research into functionalities that could enhance dewaterability is being explored.
This has been achieved by copolymerizing PAM with hydrophobic monomers such as N-tert-
butyl acrylamide (t-BAAM)?3, N-isopropyl acrylamide (NIPAM),?° and 5-methacrylomido-1,2-
benzoboroxole (MAAMBO).?° Reports have shown that increasing the hydrophobic segment can

increase the rate of dewatering from the aggregates by up to a factor of five.*!

In addition to linear polymers, branched polymers have also been investigated as an attempt
to extend more polymer segments into the solution. For example, PAM has been copolymerized
with a cationic hyperbranched oligomer, poly(N-acryloyl-1,2-diaminoethane hydrochloride)
(HADE). It showed improved flocculation performance compared to its linear counterpart with
similar molecular weights, charge density, and intrinsic viscosity. This was attributed to the
extended conformation of the charged hyperbranched polymer due to the added steric hindrance,
allowing the cationic terminal groups on the branches to be better exposed in solution.

Conversely, research into hybrid grafted polymeric brush flocculants has been limited.

1.3.Polymer Brushes

Polymers have previously been grafted on many substrates, including graphene, metals,
and proteins, to tailor the substrate’s chemical and physical properties, including surface
wettability, adsorption capacity, and thermal stability.***® Polymers covalently attached to a
surface are commonly called polymer brushes. There are three approaches to forming polymer
brushes: grafting-to, grafting-through, and grafting-from (Figure 1.3). The grafting-to approach
reacts end-functionalized polymer chains with an appropriate surface functional group on the
substrate.’®*" A grafting-from approach, in which polymer chains are directly grown from an
initiator functionalized surface, can achieve higher grafting densities.*! A grafting-through

approach grows polymer brushes with polymerizable groups functionalized on the substrate’s



surface. This process also produces non-grafted polymer chains, which are challenging to
separate from the grafted material. Because of the perceived benefits of a higher grafting density,
a grafted-from approach is typically used to functionalize surfaces with polymers. However,

depending on the application, this may or may not be desirable.
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Figure 1.3 Fabrication of polymer brushes using a) grafting-to, b) grafting-from, and c) grafting through strategy.
1.4.Reversible-Deactivation Radical Polymerization (RDRP)

A bottom-up approach, such as forming a grafted-from polymer brush, mainly uses a surface-
initiated reversible-deactivation radical polymerization (RDRP) capable of forming polymers
with relatively low molecular weight dispersity (D). It allows for exact control over the
polymer’s molecular weight, architecture, and composition.*? There are three main RDRP
processes: atom transfer radical polymerization (ATRP),**° reversible addition-fragmentation

51-54

chain transfer (RAFT) polymerization, and nitroxide-mediated polymerization (NMP).>5-%



All three RDRP processes establish a dynamic equilibrium between propagating radicals and
various dormant species.®® ATRP and NMP reversibly trap radicals in a deactivation/activation

process. (Figure 1.4)
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Figure 1.4 Reversible radical trapping through a deactivation/activation process.

This approach relies on a self-regulating kinetic feature named the persistent radical
effect (PRE).%! Propagating radicals (Py") are rapidly trapped in the deactivation process by

).>” Conversely, conventional

species (X), which is a stable radical such as a nitroxide (in NMP
radical polymerization (RP) uses an initiation-termination process to produce growing radicals.
In ATRP and NMP, the propagating (P.") and the persistent (X) partners form and disappear at
equal rates. Suppose the reversible processes were the only reactions and no radicals were
initially present. In that case, Pn- and X concentrations increase equally in time and reach equal
steady-state values in equilibrium. The propagating radical (P,»") continues to grow and
eventually decays by irreversible bimolecular self-terminations. The persistent radicals (X)
cannot terminate with each other but only (reversibly) cross-couple with the growing species.
Hence, each radical-radical termination causes an irreversible accumulation of the persistent
radical (X). Consequently, the concentration of propagating radicals (P,’) and the probability of

termination decreases with time since the propagating radicals predominantly react with the

higher concentration of X.



In comparison, RAFT employs a “reversible transfer” using a chain transfer agent (CTA),

which is also called a degenerative exchange process (Figure 1.5).
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Figure 1.5 Degenerative exchange process.

This system also relies on a slow initiation and fast termination process typical of radical
polymerization (RP). However, RAFT employs a higher chain transfer agent (CTA)
concentration than radical initiators. A small concentration of radicals consumes the monomer,

which can terminate but also degeneratively exchange with the dormant species, CTA.>!

1.4.1. Features of a Reversible-Deactivation Radical Process (RDRP)

An RDRP process should display first-order kinetic behavior, a predeterminable molecular
weight, a narrow molecular weight distribution, and preserved polymer chain end functionalities.
The polymerization rate (R,) in RDRP is linearly dependent on the log of the monomer
concentration ([M]) over time (Equation 1). This is due to the persistent radical effect (PRE)

leading to a constant concentration of active propagating radical species (Equation 2).

d[M] _
Ro = =g = [Pl M
Equation 1 Rate of polymerization
[M], -
In [M], kp[P']t =k, t; (if [P'] is constant) 2)

Equation 2 Persistent radical effect
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Where k;, is the propagation rate constant, [P-] is the concentration of propagating radicals, [M]o
is the monomer concentration at t = 0, [M] is the monomer concentration at time t, and k,*® is

the apparent propagation rate constant.*’

The semilogarithmic plot of Equation 2 presents the linear dependence of the log of the
monomer concentration over time and possible deviations from a constant [P'] (Figure 1.6a).
Deviations in this plot are due to its sensitivity to any change in the concentration of the active
propagating species [P']. An early negative deviation from linearity occurs due to the slow
initiation of the dormant species. At the same time, a late negative deviation from linearity

occurs due to termination reactions. Chain transfer does not affect the [P].*

chain-chain coupling

a) 4 . b) 4

constant ] slow initiation slow initiation
s DPn= MIo/[l
= termination M]o/[1]o
5 =
é chain transfer
£

Time Conversion

Figure 1.6 Features of RDRP: a) dependence of In([M]o/[M]) over time and b) dependence of the number average molecular
weight (M) on monomer conversion.*?

The pre-determinable degree of polymerization (DP) in an RDRP process describes the

number average molecular weight (My) as a linear function of monomer conversion (Equation 3).

M, AIM] M, |
DP, = M, - o - [, (conversion) (3)

Equation 3 Degree of polymerization

Where [I]o is the initiator concentration at t = 0. This results from maintaining a constant number
of chains throughout the polymerizations. Moreover, the number of chains in the polymerization

is sensitive to slow initiation, chain coupling, and chain transfer processes. This is summarized in

11



a plot of the number average molecular weight (M,) vs the monomer conversion (Figure 1.6b). A
slow initiation leaves out initiators in the RDRP process, resulting in a higher M, than the
projected theoretical My. Chain-coupling processes decrease the number of chains while
increasing the total My. Lastly, chain transfer reactions increase the number of chains, so the total

M., decreases even at high monomer conversions.*’

A narrow molecular weight distribution is not necessarily a result of controlled
polymerization since it ignores the effect of the initiation, exchange, and propagation rate.
Therefore, the following requirements should be met to achieve a narrow molecular weight
distribution polymer. First, the rate of initiation should be faster than the rate of propagation so
all chains simultaneously grow. Second, the reversible rate of deactivation between species of
different reactivity is faster than the rate of propagation. This ensures all active chain ends are
equally susceptible to growing uniform polymer lengths. Third, there should be negligible chain
transfer or termination. Lastly, the rate of depropagation is substantially lower than
propagation.*® For systems with a slower reversible deactivation process, the molecular weight
distribution or dispersity (D) can be defined by the following Equation 4,

D=%=1+<kpm°)( ) @)

Kgeact[P]/ \conversion

Equation 4 Dispersity

where My, is the weight, M, is the normal average molecular weight, k;, is the rate of propagation,
Kqeact the rate of deactivation, [I] is the concentration of initiator and dormant chain ends, and [D]
is the concentration of the deactivator. Hence, it is possible to fine-tune the D by targeting lower

conversions or increasing the concentration of the deactivator.**
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Lastly, the polymer chains should have preserved end-functionalities due to the negligible
irreversible chain transfer and termination. Therefore, propagation could resume upon the
addition of more monomers. Together, these features provide the best opportunity to control a
material's bulk properties through the array of choices in composition, functionality, and

topology attainable at the molecular level.

1.4.2.  Atom Transfer Radical Polymerization (ATRP)

The most common and effective RDRP is Atom Transfer Radical Polymerization
(ATRP) 3342-44:46-50.60.62-77 ATRP is controlled by an equilibrium between propagating radicals
and a dormant species in the form of an initiating alkyl halide (Pn-X).*> The dormant species (Pp-
X) periodically reacts with a transition metal complex in their lower oxidation state such as
[LmCu(I)], acting as an activator with the rate constant of activation (Kact) (Lm representing the
ligand). This reaction intermittently produces radicals (Py-), and the transition metal in its higher
oxidation state coordinated with the halide ligand from the dormant species [LinCu(Il)-X] (Figure

1.7).4

K

M
Kae m i

PiX + [LoCu(l)] «——_ [LoCu(ll)-X] + P,e .5  PyPu + (Py +Py")

deact m*®

Figure 1.7 ATRP Scheme

The [LmCu(I)-X] deactivator reacts with the propagating radical with the deactivation rate
constant (Kdeact) to reform the dormant species and the activator. ATRP limits termination
processes including chain coupling and disproportionation that yields Py-Pm, Pn-, and P, where P

is the polymer chain and H is the transferred hydrogen atom. In the case of a surface-initiated
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ATRP or SI-ATRP, the surface of the substrate is functionalized with an alkyl halide initiating
group.

The ATRP equilibrium must be understood and controlled to execute a successful ATRP
process. The ATRP equilibrium constant (Katrp) is expressed as the ratio between the activation

rate constant (kact) and the deactivation rate constant (Kgeact). It can also be expressed as a

combination of several contributing reversible reactions shown in Equations 5-8 and summarized

in Equation 9.9674

[LnCu(D)] < [L,Cu(D]* + e (5)

Equation 5 Electron transfer from the metal complex

X~ + [LyCu(ID]* < [L,,Cu(ll) — X] (6)

Equation 6 Heterolytic formation of the metal halide bond

. _Kga __
X+e —X (7)
Equation 7 Electron affinity of the halogen
Kgp . :
P,—X «— P, +X (8)

Equation 8 Bond dissociation energy of the propagating chain end and alkyl halide initiator

act

Katrp = = KgrKgaKppKx (9)

kdeact

Equation 9 ATRP equilibrium

Where Katrp is expressed as the product of the equilibrium constants for electron transfer
between the metal complexes (Kgr), heterolytic cleavage of the [LnCu(II)-X] bond (Kx),
electron affinity of the halogen (Kea), and bond dissociation energy of the propagating chain end

and alkyl halide initiator (Kpp).”®*°
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The equilibrium constants Kga and Kx are very solvent-dependent.®! Kga increases in
protic solvents as halide anions are stabilized through solvation, while Kx is affected by the
change in solvent polarity.®! The Kx of a typical ATRP catalyst consisting of [LmCu(II)-Br] with
Lm = bipyridine (bpy), N,N,N’,N",N"-pentamethyldiethylenetriamine (PMDETA), or tris[2-
(dimethylamino)ethyl]amine (MesTREN) was approximately five orders of magnitude greater in
organic solvent CH3CN, than in aqueous solvents.®? The changes in Kga and Kx values in protic
solvents increase the Katrp value (Equation 9). This also decreases the amount of [ LimCu(II)--X]
present in the reaction, which increases the rate of polymerization defined by the following seen
in Equation 10. Therefore, controlling the ATRP of a hydrophilic polymer such as

polyacrylamide (PAM) requires protecting the deactivator [LmCu(1I)-X] (Details in Chapter 3).5!

[PoaX][LmCu(D)]
[L,Cu(lD) — X]

[M] (10)

Ry, = kpKarrp

Equation 10 Rate of polymerization due to activator-deactivator ratios

Polyacrylamide brushes have been grafted for different surfaces and applications
explicitly through atom transfer radical polymerization. These surfaces can contribute to the
effect of a desired application. Polyacrylamide has been grafted from the surfaces of
microporous polysulfone membranes, polyethylene terephthalate, silica, silicon, and gold films
for anti-microbial coatings and sensing.3* % Poly(N-isopropyl acrylamide) (PNIPAM) was
grafted from the surfaces of cellulose, superparamagnetic cobalt, gold, and silica nanoparticles
toward the development of drug delivery systems, detection assays, bioseparations, and
sensing.”®* The molecular weight of these polymer brushes has remained low at less than 10°
g/mol. However, to remain practically applicable, the flocculation of oil sands tailings requires

higher molecular weights and a more economical hydrophobic core.
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Additionally, a grafting-from process can produce polymer brushes with control over their
conformation. In 2016, Lilge et al. investigated the polyacrylamide brush thickness with varying
surface initiator fractions.®® They found that the polymer brush thickness increases as the initiator
density increases independent of the polymer brush molecular weight. The increase is due to the
polymer's extended conformation instead of a coil or loop. Extending the polymer into the

solution may improve the particle bridging capacity of a single chain.

1.5.Activated Carbon (AC)

Activated carbon (AC) is a porous carbonaceous material extensively used to extract gaseous
and liquid contaminants.”**® ACs are produced by carbonizing a wide range of raw materials,
followed by activation to develop their porous structure.”” The carbonization step removes most
of the non-carbon elements in the raw material and arranges the residual carbon atoms into a
microcrystalline structure composed of disordered aromatic sheets.!® The disordered aromatic

sheets give rise to AC’s porous structure.'?!

Carbonaceous precursors are typically renewable sources such as nutshells, fruit pits, paper
mill waste, wood, charcoal, coal, lignite, bone, and peat.”® The resulting AC has a variety of
functional groups on its surface due to the presence of residual heteroatoms, such as oxygen and
nitrogen, that form from its precursor (Figure 1.8).'%* These influence AC's properties, including

hydrophobicity, surface charge, electron density, and sites for further surface modifications.!%*

104

16



carboxylic acid

anhydnde

OH
oxidized-N |\4 ‘ quinone
.

pyrndone pyrone

pyrndine

N
5 \/\H e o T ‘ i
tertiary amine . lactol < lactone
carbonyl

Figure 1.8 Potential oxygen and nitrogen functional groups on the surface of AC.

This research investigated the petroleum coke (petcoke) based activated carbon as a
macroinitiator or hydrophobic core for the PAM brushes. Petcoke is a substantial byproduct of
the Alberta oil sand mining industry, which has generated over 72 million tonnes as of 2011.1%
Petcoke typically has>85% carbon with 5-7% sulphur content, which hinders more traditional
applications as a fuel source in steel production.'% Activating petroleum coke is a convenient
and cost-effective method for producing sustainable adsorbents for naphthenic acids and heavy

metals in oil sands process-affected water.!?"-1%

Covalently attaching the flocculant PAM from the surface of activated carbon could prevent
polymer leaching into the treated process water, provide a hydrophobic core to improve

dewatering, and release process water with reduced naphthenic acids and metals.

1.5.1. Surface Initiated Atom Transfer Radical Polymerization (SI-ATRP) of

Polyacrylamide from the Surface of Activated Carbon

Activated carbon (AC) is modified with polymer brushes to impart a high density of desired

functional groups and improve the adsorption of a specific gaseous or liquid contaminant. The
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Surface Initiated Atom Transfer Radical Polymerization (SI-ATRP) from the AC surface has

)% and poly(hydroxyethyl acrylate)!!! to impart high

been limited to poly(tert-butyl acrylate
hydroxyl groups for wastewater treatment. More recently, in 2023, polyacrylamide was grafted
from the surface of activated carbon by SI-ATRP to develop a hybrid oil sand tailings
flocculant.!'? The reported polyacrylamide grafted activated carbon (AC-PAM) had brushes with
a low molecular weight of 176,000 g/mol, a high dispersity of 2.1, and a low polyacrylamide
content of 11%. However, the reported AC-PAM could flocculate dilute (5 wt%) oil sand tailings
at a high dose of 20,000 ppm (mg of flocculant per kg of suspended solids). Further development
of the material should focus on controlling the polymerization of polyacrylamide to achieve

higher molecular weights and evaluate the effect of the polymer brush molecular weight on the

flocculation of mature fine tailings (MFTs).

1.6. Thesis Objectives

Due to the increasing amount of tailings waste generated by the oil sands industry and the
significant use of polyacrylamide (PAM) in recovering the land and water they occupy;
researchers are exploring new flocculants. A promising option is polyacrylamide grafted from
petroleum coke-activated carbon surface (AC-PAM). This process repurposes the petroleum
coke waste from the oil sands industry into a product that addresses their tailings waste. In
addition, the activated carbon (AC) provides extra hydrophobicity to assist in water recovery.
However, only PAM brushes with molecular weights < 10° g/mol have been studied,
necessitating a high dosage of AC-PAM to treat mature fine tailings (MFT). Therefore, this
thesis aims to create AC-PAM with higher molecular weight PAM brushes and assess their

flocculation performance. This was accomplished by completing the following objectives:
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1. Develop an aqueous atom transfer radical polymerization (ATRP) method for
synthesizing high-molecular-weight polyacrylamide (PAM) with molecular weights >
10° g/mol, by exploring ATRP parameters such as the use of a reducing agent, cosolvent,
halide salt, and different catalyst systems.

2. Synthesize different molecular weight PAM brushes grafted from activated carbon (AC)
surfaces (AC-PAM) with varying AC content and particle sizes using the developed
ATRP procedure.

3. Evaluate the flocculation performance of the AC-PAM with different molecular weight
brushes, AC content, and particle sizes in comparison to ungrafted/free PAM by

conducting settling tests on diluted mature fine tailings (MFT).

2. Key Experimental Techniques

2.1. Key Characterization Techniques

2.1.1. Size Exclusion Chromatography (SEC)

Polymers are complex multicomponent materials that have several important distributed
properties. The performance and characteristics of these materials are highly dependent on
various distributed properties, including molar mass, chemical composition, and end-group
functionality, among others. Polymers typically express their molar masses as averages based on
chain length or weight. These averages include number-average molar mass (M;) and weight-
average molar mass (My). M, is the statistical average molar mass of all the polymer chains and

is described by Equation 11,''?
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Equation 11 Number average molecular weight

where M; is the molecular weight of a chain, and N; is the number of chains of that molecular
weight. M, is the value at which equal numbers of molecules are on either side of the My, in the
molar mass distribution. Alternatively, My, appears when there are equal masses of molecules on
each side of the My, in the molar mass distribution and is described by Equation 12.'!* The molar
mass distribution can also be represented by its dispersity (D). The dispersity describes the
broadness of a molar mass distribution and is defined by Equation 13.!'* When My, equals M,
the polymer is said to be monodisperse. While a value greater than 1 indicates a broader molar

mass distribution.'3

_ IN;M;? (12)
W TUIN M,
Equation 12 Weight average molecular weight
My
Pp=— 13
v (13)

Equation 13 Dispersity

Size exclusion chromatography (SEC) is one of the most critical methods for analyzing
the molar mass distribution of polymers.? The analyte molecules selectively distribute between a
stationary and mobile phase in SEC based on the chromatographic process. Equation 14 can

describe the separation process of any chromatography,

V, = Vi + Ky (14)

Equation 14 Elution volume of the analyte
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where V. represents the analyte's elution (retention) volume, V; is the interstitial volume
of the column, V,, is the pore volume of the packing, and Kg is the distribution coefficient. The
distribution coefficient is the ratio of the analyte concentration in the mobile and the stationary

phase.!'!?

SEC separates polymers by their hydrodynamic volume in a dilute solution using a
stationary phase with a characteristic pore size distribution. The polymers may have access to the
pores depending on their hydrodynamic volumes. Large molecules cannot enter the pores and are
excluded. Hence, they have a K4 equal to 0 and are eluted first at the interstitial volume V. At
the same time, small molecules have access to all the pores of the stationary phase, having a Kq

equal to 1 and eluting at the void volume (Vj).!!?

Various detectors are capable of detecting samples as they elute from the column. In
GPC, a refractive index detector (RID) is typically used. RID measures the difference in the
refractive index between the mobile phase and the pure solvent held in a reference cell. The

refractive index of a dilute solution is calculated using Equation 15,

n=ny+ M —nyc (15)

Equation 15 Refractive index of a dilute solution

Where ny is the refractive index of the solvent, n’ is the sample's refractive index, and c is the

concentration of the sample in solution. This equation can be rearranged to form Equation 16,

n—n,

c= (16)

4
n_no

Equation 16 Concentration of the sample in solution

which demonstrates that the difference in the RI between the solvent and the sample solution is

proportional to the sample concentration.
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The SEC column must be calibrated with monodisperse polymers with known peak
molecular weights (M,). The calibration of the column is achieved by taking a linear regression
of the logarithmic plot of the standards’ M, and the elution volumes of their peak maxima. The
molar mass distribution can be calculated using this calibration. The calibration standards should
also be chemically like those of the analyzed samples. The macromolecule's chemical
composition, topology, solvent, and more affect the hydrodynamic volume of a polymer.
Polyethylene oxide/polyethylene glycol standards are most used to analyze aqueous linear

polymers.

The molar mass and molar mass distributions in this work were determined by SEC using
Agilent Technologies 1220 Infinity LC equipped with an Agilent Technologies 1260 Infinity
RID. The SEC column used was a PL aquagel-OH MIXED-H 8 um, 300 x 7.5 mm column with
a molar mass lower limit of 6,000 g/mol and upper limit of 10,000,000 g/mol. The eluent was an
aqueous solution of 0.2 M NaNOs and 0.01 M NaH;PO4 adjusted to pH 7 using 0.1 M NaOH.
Samples were diluted to 0.1 % (w/v%) and were injected at a volume of 20 uL. The column was
operated at room temperature with a I mL/min flow rate while the detector was set at 35°C. The
column was calibrated using polyethylene oxide/polyethylene glycol standards with
monodisperse molar mass distributions at My values in the 106 — 1,522,000 g/mol (Agilent

Technologies).

2.1.2. Raman Spectroscopy

Raman spectroscopy relies on the physical phenomena of Raman scattering, an inelastic
light scattering process. A molecule with vibrational energy levels vi, v2, ... with corresponding
energies of hvy, hvy, ..., respectively, interacts with a photon of energy hv (where h is Plank’s

constant, and v is the frequency of the incident radiation). The scattered radiation energy hv’ is
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collected. Much of the collected radiation will be from Rayleigh scattering, which has the same
energy as the incident light. A small fraction of this scattered radiation will have energy of
h(v+vi) (termed Stokes or anti-Stokes scattering). This inelastic component of the scattered
radiation is the Raman scattering.!'* Raman scattering is plotted into the intensity of scattered

radiation as a function of the frequency shift between incident and scattered radiation.

Raman spectra of all the samples were acquired on a Renishaw inVia Raman Microscope.
The spectrometer is equipped with a laser operating at 633 nm and an 1800 line/mm diffraction
grating. Samples were acquired by taking aliquots from the polymerization reaction and
examining them on a silicon wafer. A laser power of the maximum allowable 100 mW and five
scans were used for each acquisition. The resulting spectra were transferred from the Renishaw
WIiRE 3.4 software to an individual PC. Data analysis of the spectra was conducted on OriginPro
10.0.5.157, allowing multiple spectra to be displayed at user-defined magnifications, perform
arithmetic operations, background subtraction, and integrate peaks within a spectrum. Monomer
conversion was calculated using Equation 17, where [P]; is the concentration of polymer at time
t, determined by the peak integral at ~2930 cm™! associated with the symmetrical stretching of
CH: in the polymer. While [M]; is the concentration of monomer at time t, determined by the
peak integral at ~1285 cm™! associated with the bending of CH in acrylamide. Both peak
integrals are normalized to the peak integral at ~1430-1460, which is associated with the bending
of CH> in both polymer and monomer. The broadening of the CH» bending peak at 1430 cm™! is
a blue shift of the CH» bending peak as the acrylamide is polymerized.!!> When calculating
monomer conversion, the broadened 1430 cm™! peak is integrated to account for the CHx bending
in PAM and AM. This peak is used as the internal standard for quantifying the monomer

conversion.
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P
Monomer Conversion = # X 100% (17)

[M]¢ + [P

Equation 17 Monomer conversion

2.1.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a characterization technique used to
determine the elemental composition and speciation of solid substrate's outer 1-10 nm. The
physical basis of XPS experiments relies on the photoelectron emission process. The sample is
irradiated with x-rays of known energy and ejects an inner-shell electron initially bound to an
atom/ion. The kinetic energy (KE) of that emitted electron is then measured.''® This
measurement is helpful since it is discrete and a function of the electron binding energy (BE),
which is element- and chemical-environment-specific. A precise estimate of the binding energy

(BE) can be obtained using the Einstein relation shown in Equation 18,

BE = hv — ¢ — KE. (18)
Equation 18 Binding energy
where hv is the energy of the photon, and ¢ is the work function of the instrument. This

represents the minimum energy required to remove an electron from the instrument, assuming a

conductive sample in physical contact with the instrument is analyzed.!!'®

The plot of the intensity in counts per second vs the binding energy can determine the
relative abundance of the various elements in the sample. Most XPS peaks are due to electrons
originating from specific core levels, which did not suffer energy losses from inelastic collisions.
They are described using a spectroscopic notation of the form “X nl;,” where X is the element, n
is the principal quantum number (n =1, 2, 3, ...), 1 is the orbital angular momentum number

denoted as s, p, d, f, correspondingto =0, 1, 2, ..., n— 1, and j is the total angular momentum
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High-resolution scans of these peaks can be used to determine the chemical speciation of the
specific element since the binding energy depends on the electron's chemical environment. This
is due to the differences in charge density on an atom. The higher negative charge density results
in the photoelectrons with higher kinetic energy, hence, the lower binding energy of

corresponding peaks in the spectrum. This work uses the XPS peaks of Cls, Ols, N1s, and Br2p.

XPS measurements were acquired on a Kratos AXIS supra spectrometer using a
monochromatic A1 K(alpha) source (15mA, 15kV). The instrument work function was
calibrated to a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold, and the
spectrometer dispersion was adjusted to a BE 0f 932.6 eV for the Cu 2p3 eV line of metallic
copper. The Kratos charge neutralizer system was used on all samples. Survey scan analyses
were performed with an analysis area of 300 x 700 microns and a pass energy of 160 eV. High-
resolution analyses were performed with an analysis area of 300 x 700 microns and a pass energy
of 20 eV. Data processing of the survey and high-resolution scans were analyzed using CASA
XPS (version 2.31). The spectra were corrected to the main line of the Cls spectrum at 284.85

eV, and baseline corrections were made using a Shirley-type background correction.
2.2. Key Techniques for Measuring Flocculation

2.2.1. Dean-Stark Extraction

To have a complete evaluation of the flocculation performance, the colloid composition
must be characterized and kept consistent throughout the flocculation tests. The received Mature
Fine Tailing (MFT) samples have variable compositions from batch to batch. Therefore, a Dean-
Stark extraction determined the MFT batch's solid, water, and bitumen content. A Dean-Stark

apparatus comprises a round bottom flask, thimble, condenser, and a water trap. The sample (~50
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g of MFT) is placed in a pre-weighed thimble and held above the reflux flask containing
aromatic toluene (~200 mL). By heating the system, toluene and water vapours rise to the
condenser and are collected by the water trap. The toluene and water are separated into two
layers, with the toluene on the top layer. Excess toluene in the trap reaches the side arm and
flows back into the thimble containing the sample. The toluene dissolves the bitumen in the
sample and drips back into the reflux flask containing the toluene. This cycle is continued by
refluxing for approximately 24 hours until the toluene dripping from the sample does not visibly
contain any bitumen. After refluxing, the thimble is dried in an oven at 110°C overnight and
weighed to determine the solid content of the sample. The toluene/bitumen solution is placed in a
250 mL volumetric flask and topped with fresh toluene. 5 mL of the solution was pipetted onto a
pre-weighed filter paper, and the toluene was allowed to evaporate in an oven at 110°C
overnight. After drying, the filter paper is weighed to determine the bitumen mass in the 5 mL
sample. Finally, the mass of the bitumen in the sample is calculated from the mass of bitumen in

5 mL by multiplying by 20. '8

2.2.2. Settling Rate

A flocculant's effectiveness in industrial applications is typically assessed based on
specific parameters that reflect how well the polymer can flocculate certain solid suspensions.
Settling tests measure how quickly a flocculant can settle a given suspension. This test indirectly
represents the kinetics of the process involved in the flocculation, such as adsorption and charge
neutralization. The colour-separating interface called the mudline is monitored as a function of
time after the treatment of the flocculant to the suspension, producing a settling profile. The
initial linear region of the settling profile is called the initial settling rate (ISR), which measures

the initial flocculation kinetics.
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The ISR is obtained by first performing a settling test with MFT slurry diluted to 5 wt%
solids with deionized water. 100.0 g of 5 wt% MFTs is poured into a 250 mL beaker and is
mixed at 600 rpm using a three-blade propeller. While mixing, the flocculant was added to the
suspended slurry. The mixture was left to mix at 600 rpm for 2 minutes, followed by 200 rpm for
8 minutes. Approximately 5 mL of the mixture was analyzed for its capillary suction time (CST),
see Section 2.2.3. The rest was transferred into a 100 mL graduated cylinder, and the change in
mudline height was recorded over time. The settling profile was obtained by plotting the mudline
height vs time. Additionally, linear regression is fitted in the initial linear region of the settling
profile to obtain the ISR value. The treated MFTs are left in the graduated cylinder for 24 hours
to allow further separation of solids from the supernatant to measure the supernatant turbidity

(see Section 2.2.4.).

2.2.3. Capillary Suction Time

The treated tailings should be easily filtered. Capillary suction time (CST) measures the
filterability and ease of removing water from sediments. The flow restriction is caused by the
development of interparticle networks within the sediment, reducing dewaterability.'"
Therefore, the CST value can also be used to show a difference in floc structure between applied
flocculants.'?® The CST apparatus consists of a cylindrical steel funnel on filter paper fitted
between two Perspex plates with electrode sensors across the top plate. The sample is poured
into the steel reservoir, allowing its moisture to flow uniformly into the filter paper through
capillary action. The instrument measures the time it takes for the water to travel a specific
distance between two electrodes on top of the filter paper. A higher CST value indicates the

treated tailings' lower dewatering or high-water retention. '8
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The CST of the flocculant-treated MFT is measured right before performing the settling
tests using a Type 304M Capillary Suction Timer (Triton Electronics Ltd.). It includes 7x9 cm
CST papers with a 9 sec/100 mL/ square inch porosity sandwiched between two Perspex plates
with four electrode probes. The CST measurement is taken directly after treating the MFTs with
flocculant. Approximately 5 mL of each sample is poured into the 1.8 cm steel funnel placed on

the CST paper and electrodes.

2.2.4. Supernatant Turbidity

The supernatant is defined as the liquor left on top of the settled sediments after
completing the flocculation. The supernatant quality is assessed by its turbidity, which results
from the presence of suspended solid particles. In this work, turbidity was measured using an
attenuation method using a DR/890 Portable Colorimeter (Hach). A sample cuvette is filled with
the supernatant after settling for 24 hours. The sample is irradiated with light, and as it passes
through the sample, it loses intensity due to scattering and absorption by the suspended solids.
The intensity of the light beam after it passes through the sample is measured and expressed in

nephelometric turbidity units (NTU).!21-123

2.2.5. Solids Content

The ability of a flocculant to dewater sludge can be determined by measuring the solids
content of the sediment formed after treatment.'?*!25 The solids content is measured by
calculating the (dry mass)/(wet mass) ratio.'?® Once the supernatant turbidity is measured, the
settled MFTs are passed through a 1 mm mesh sieve. The collected sediment is weighed and is
denoted as the wet mass. Afterward, the collected sediment is dried in a 110°C oven overnight to

weigh the dry mass.
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3. Controlled Radical Polymerization of Polyacrylamide

3.1.Introduction

Polyacrylamide (PAM) has many applications but is most known for flocculation. In that role
it is found in many other fields including municipal water treatment, reverse osmosis
membranes, drag reduction, oil recovery, paper manufacturing, and soil conditioning. The
global PAM market was valued at USD 5.8 billion in 2022 and is estimated to reach USD 9.1
billion in 2030."?” The potential toxicity of PAM is typically neglected. Still, its natural and
chemical degradation product, acrylamide, is a toxic chemical that endangers the local ecosystem
and human health.!?®130 Therefore, alternatives to reduce the required PAM in water-based
applications are being explored. A popular candidate is to graft PAM from a substrate that could
impart additional properties and limit the leaching of PAM.!12131-135 PAM has typically been
prepared via free radical polymerization for more than two decades due to the numerous
available methods (using free radical initiators, electrochemical initiation, ultrasonic waves,
photochemical sensitizers, ultraviolet radiation, ionizing radiation, and aqueous redox systems)
that can reach complete conversion in large-scale reactions.'*® However, free radical
polymerization cannot grow polymer brushes exclusively from a substrate, which is one of the
primary goals of this thesis. Therefore, reversible deactivation radical polymerization (RDRP)
techniques were investigated. RDRP techniques, including atom transfer radical polymerization
(ATRP), nitroxide-mediated polymerization (NMP), photoiniferter-mediated polymerization
(PIMP), and reversible addition-fragmentation chain transfer (RAFT), have all been reported to
graft different polymers from different substrates.>*!3” This is made possible by the modification
of the substrate with functional groups that can initiate a polymerization reaction; grafted

initiators include alkyl halides for ATRP, alkoxy amines for NMP, photoiniferters for PIMP, and
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chain transfer agents for RAFT.? Out of all these RDRP techniques, ATRP has become the most
extensively used technique to modify surfaces with grafted polymers due to its compatibility

with a wide array of monomers and substrates. !>’

All four RDRP processes establish a dynamic equilibrium between propagating radicals and
various dormant species.* In ATRP, the dormant species (Pn-X) periodically reacts with a
transition metal complex in its lower oxidation state such as ([LmCu(I)]), acting as an activator
with the rate constant of activation (kact) (with L representing the ligand). This reaction
intermittently produces propagating radicals (Py-), and the transition metal in its higher oxidation
state coordinated with the halide ligand from the dormant species ([LmCu(II)L-X]) (Figure 3.1).
The potential of ATRP to control the polymerization process is a promising aspect of this

research.*?

K

M
Ko m ke

PirX + [LuCu(l)] ——_ [LnCu(I}-X] + P,e - Po-Pm + (Py+ Py

kdeact m®

Figure 3.1 ATRP Scheme

The copper-mediated ATRP in water can undergo side reactions that derail the ATRP
equilibrium and result in poor levels of control. These side reactions are shown in Figure 3.2 and

are listed below as challenges I to IV.!*8
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Figure 3.2 Competing side reactions in aqueous ATRP of PAM
I.  The ATRP equilibrium constant is large in aqueous media, generating higher radical
concentrations that lead to an increased rate of termination.”?
II.  The deactivator, [LnCu(Il)-X], experiences partial dissociation of the anionic halide

ligand, leading to the inefficient deactivation of the propagating radicals.%

III.  The typical [LmCu(I)] complexes for ATRP can disproportionate into Cu(0) and
[LinCu(II)].%°

IV.  The chain-end functionality (P,-X) can be hydrolyzed, resulting in lower conversions.®’

In addition to these concerns, the targeting of high molecular weight polyacrylamide also has

the following challenges: '¥

V.  Polyacrylamide competitively complexes the transition-metal cations through the amide
group, effectively stopping the deactivation from occurring.
VI. A faster rate of polymerization of PAM than the rate of initiation produces a higher
dispersity.
VII.  The chain-end halide atom can undergo nucleophilic displacement by the amide group of

the acrylamide units.
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Faced with these challenges, investigation of the aqueous ATRP of PAM has been limited to
molecular weights of at most 10° g/mol. Appel et al. developed a procedure that controllably
polymerizes various acrylamides with a number average molecular weight (My) of 3.55-10°
g/mol using ethanol as a cosolvent to decrease the polarity of the solvent.*” Wever et al. formed
higher molecular weight PAM of up to 5.20-10° g/mol via aqueous ATRP using MesTREN as a
ligand, which has a higher complexation constant and a chlorine-based initiator but produced

limited control with a PDI > 1.5.140

Therefore, the principal goal discussed in this chapter is the control of the ATRP of
polyacrylamide in the formation of high molecular weight 10°>-10° g/mol products. This includes

a thorough investigation of the following:

1. Testing ATRP variations, such as Activators Regenerated by Electron Transfer (ARGET)
ATRP, which uses a reducing agent to regenerate the activator (transition metal complex
at the lower oxidation state) and comparing the use of a single injection vs. a controlled
feeding of the reducing agent to lower the equilibrium constant by keeping the
activator/deactivator ratio low (Challenge I).

2. Investigating the addition of halide salts to stabilize the deactivator, [LmCu(I1)-X], from
partial dissociation of the halide ligand (Challenge 1) efficiently.

3. Evaluate using cosolvents to reduce the polarity of the solvent (Challenge II).
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4. Test bromine/chlorine end-functionalized initiators to investigate their stability against
nucleophilic displacement by the penultimate amide group of the formed PAM
(Challenges IV, VI, and VII).

5. To investigate the ligand's ability to stabilize the catalyst complex against
disproportionation and competitive complexation with the formed PAM while
maintaining strong reducing properties (Challenge III and V).

Each parameter is evaluated against two features of a controlled radical polymerization: 1)

pre-determinable degree of polymerization (DP) and 2) designed narrow molecular weight

distribution. The following equations 19 and 20 define the first feature:

lV[n,theo _ [M] 0

DP, = =
oMy I

* monomer conversion (19)

Equation 19 Relation of the degree of polymerization to monomer conversion

where My, e, 1S the theoretical number average molecular weight, M is the molar mass of the

M]o . . .o . .
monomer, —[I] 2 is the ratio of monomer to initiator at t = 0, and monomer conversion is
0

determined by Raman Spectroscopy, detailed in Chapter 2.1.2.
Equation 1 can be rearranged to calculate My, ¢, Shown in equation 2:

[Mlo

Mn,theo = lv[O ’ [I]O

 monomer conversion (20)

Equation 20 Theoretical number average molecular weight

The M}, theo can be evaluated against the experimental number average molecular weight

(Mp,exp) determined by size exclusion chromatography (SEC).
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A narrow molecular weight distribution (D) indicates the absence of chain transfer and
termination reactions in the polymerization. It is calculated by dividing the experimental weight

average molecular weight (M, cxp) by the experimental number average molecular weight

(My,exp) (Equation 21).

Mw,exp

p= (21)

My exp
Equation 21 Experimental dispersity
This chapter aims to synthesize high molecular weight PAM reaching 103-10° g/mol using
aqueous ATRP. The ATRP conditions that produce high molecular weight PAM with a good
correlation between M, theo and My, eypp, @ narrow molecular weight dispersity (B < 1.5), and a
decent monomer conversion will be used to graft PAM from the surface of AC in the next

chapter.
3.2. Materials and Methods

3.2.1. Materials

Acrylamide, ethanol, CuCl,, triethylammonium bromide (TEABr), sodium chloride,
tris[2-(dimethylamino)ethyl]amine (MesTREN), ethyl a-bromoisobutyrate (EBiB), and ethyl 2-
chloropropionate (ECP) were purchased from Sigma Aldrich and used as received. CuCl was
purchased from Sigma Aldrich and was washed with glacial acetic acid. CuBr; was purchased
from Alfa Aesar and was used as received. N,N,N’ N’ N”-pentamethyldiethylenetriamine
(PMDETA) was purchased from TCI America and was used as received. Ascorbic acid was

purchased from Bio Basic and was used as received.
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3.2.2. Activator Regenerated by Electron Transfer Atom Transfer Radical

Polymerization (ARGET ATRP) of Polyacrylamide

3.2.2.1.Single Addition of Ascorbic Acid

10.662 g of acrylamide (0.15 mol), 27 mg of ascorbic acid (1.5x10™* mol), and 39 mL of
Millipore water were added to a round bottom flask and sparged with N> for 1 hour. 0.5 mL of
the catalyst stock solution containing CuBr2/CuClz (1.5x107 mol) and PMDETA/MesTREN
(1.5x10"* mol) sparged with N», and the initiator ECP/EBiB (3x107 mol for DP = 5,000 and
7.5x10° mol for DP = 20,000) was injected into the flask using a N, purged syringe needle and
the reaction was sealed under N». Reactions proceeded for the desired times and were stopped by
exposing the reaction to air. A sample was taken to analyze using Raman Spectroscopy, while
the rest was precipitated with 250 mL methanol. The precipitated polymer was separated from
the solution and was washed with another 10 mL of methanol before drying in a vacuum oven at

40 °C overnight.

3.2.2.2.Feeding of Ascorbic Acid
Samples were treated as in section 3.2.2.1. However, with the change, 30 mL of 7.2 mM

ascorbic acid was added to the reaction flask using a syringe pump at a 1.25 mL/hr rate.

3.2.3. Standard Atom Transfer Radical Polymerization (ATRP) of Polyacrylamide

10.662 g of acrylamide (0.15 mol), 80 pl of MesTREN (3x10™* mol), initiator ECP/EBiB
(3x10 mol for DP = 5,000 and 7.5x10° for DP = 20,000) and 39 mL of Millipore water were
added to a round bottom flask and sparged with N> for 1 hour at room temperature. In a 50 mL
Schlenk flask, 30 mg of CuCl (3x10™* mol) was added, vacuumed and backfilled with N thrice.
The sparged monomer, ligand, and initiator solution were transferred into the Schlenk flask

containing CuCl using an Na-purged syringe to initiate the polymerization. Reactions proceeded
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for the desired time and were stopped by exposing the reaction to air. A sample was taken to
analyze using Raman spectroscopy, while the rest was precipitated with ~5x v/v methanol. The
precipitated polymer was separated from the solution and was washed with another 10 mL of

methanol before drying in a vacuum oven at 40 °C overnight.

3.2.4. Characterization

The polymer's molecular weight and molecular weight distribution were assessed by size
exclusion chromatography (SEC) using an Agilent Technologies 1220 Infinity LC equipped with
a refractive index detector (RID, Agilent Technologies 1260 Infinity). A PL aquagel-OH
MIXED-H 8 pm, 300 x 7.5 mm column was used with an aqueous solution of 0.2 M NaNOs and
0.01 M NaH>POyq at pH 7 as the mobile phase. Each injected sample was 20 uL. with a
concentration of 0.10 % (g/mL%). Chromatography proceeded at room temperature, with a 1
mL/min flow rate, with the detector set at 35 °C. The column was calibrated with PEO/PEG
standard samples with narrow molecular weight distributions in the range of 106 — 1,522,000
g/mol (Agilent Technologies). All Raman spectra were acquired using a Renishaw inVia Raman
Microscope with 633 nm excitation and an 1800 line/mm diffraction grating. Laser power at the
source was 100 mW. Samples were analyzed on a silicon wafer, and five scans were co-added to

achieve appropriate signal-to-noise in the 100 to 3400 cm™! range.
3.3.Results and Discussion

3.3.1. Raman spectroscopy of Polyacrylamide

Raman spectroscopy was used to monitor the monomer conversion of acrylamide to PAM
(Figure )under different ATRP conditions. As shown in Figure 3.3, the PAM from runs A to O

contains the peaks corresponding to the CH» symmetrical stretching in the polymer at 2930 cm™,
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CH bending in acrylamide (AM) at 1285 cm™!, and CH; bending in both AM and PAM at 1430-
1460 cm™'. The broadening of the CH, bending peak at 1430 cm! is a blue shift of the CH:
bending peak as the acrylamide is polymerized.'!> When calculating monomer conversion, the

broadened 1430 cm™! peak area is integrated to account for the CH, bending in PAM and AM.

X « %
—_—
H,N 0 H,N 0

Figure 3.3 Monomer conversion of acrylamide to polyacrylamide (PAM)
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Figure 3.4 Raman spectra of PAM synthesized in Runs A to O. Reaction conditions for Runs A to O are listed in Tables 3.1 to
3.4.

3.3.2. Effect of feeding the reducing agent and temperature

PAM was initially polymerized to a DP = 5,000, which should reach 355,400 g/mol at
100% monomer conversion. The baseline (Run A) used an ARGET ATRP procedure to
polymerize PAM, poly(methyl methacrylate), and poly(t-butyl acrylate) from the surface of
AC."2141 This resulted in a high dispersity of 4, indicating a loss of control in the reaction, likely

due to challenges outlined in the introduction (Table 3.1). Challenge I was to reduce the large
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ATRP equilibrium constant in aqueous ATRP. This was addressed by incrementally feeding the
ascorbic acid to maintain a lower activator/deactivator ratio and reducing the concentration of
propagating radicals, leading to a decreased rate of termination. Combined with a decrease in
reaction temperature, which also lowers the ATRP equilibrium, this achieved a lower dispersity

of 2.04 (Run D).

Table 3.1 The effect of feeding reducing agent and temperature to the monomer conversion, theoretical number average
molecular weight (Mn, theo), experimental number and weight average molecular weight (Mn, exp and Mw, exp), and dispersity
of the ARGET ATRP of PAM

Ascorbic acid . Monomer
Run feed Temp ueé'ature "l.“lmte Conversion 11:/[ '; the‘; 11:/[ '/l’ ex')l kMV/" ex'; )
(nmol/minute) O (minutes) (%) (kg/mol) (kg/mol) (kg/mol)
A singl
» SImete 1000
A | Injection of 60 15 50£18 180+£64 | 250+40 159 4.0+0.2
300 pmol
940+
B 30 60 15 77+1 274+3 | 220+17 22 4.3+0.3
610+
C 30 40 60 60x12 220+44 | 190+16 40 3.2+0.1
430+ 2.04+
D RT + 120431 | 210+1
30 60 3519 0£3 0x+17 24 0.05
490+
E 15 RT 60 T2 27+8 220+26 75 2.2+0.2

ARGET ATRP with DP = [M]/[I] = 5000, [M] = 3M, moles(M) = 0.15, [I]:[Cu]:[L] = 1:1:10,
PMDETA as the ligand, CuBr; as the catalyst, and water as the solvent. Each experiment was
run in triplicate.

3.3.3. Effect of halide salt and solvent

Further improvements in the polymerization were achieved by using ethanol as a
cosolvent, reducing the solvent's polarity and stabilizing the deactivator from halide ligand
dissociation (Challenge II). This achieved a high monomer conversion of up to 81% and a
dispersity of 1.9. Further stabilization of the deactivator was achieved with the addition of halide

salts TEABr/NaCl, reaching the lowest dispersity of 1.4 (Runs G-I). The lower dispersity came
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at the cost of poor monomer conversions not greater than 30% even after 4 hours. The slower
rate of polymerization could be due to a higher concentration of deactivator, [LnCu(Il)-X], by

the formation of inactive [LmCu(II)-X], or substitution of MesTREN ligand with halide anions.*’

Table 3.2 The effect of halide salt choice and concentration, and solvent choice on the monomer conversion, theoretical number
average molecular weight (M, theo), €xperimental number, weight average molecular weight (M, exp and Mw, exp), and dispersity of
the ARGET ATRP of PAM

Monomer
Halide Time . Mn, theo Mn, exp Mw, exp
Run | care vy Solvent (hours) Con(vozr)s"’n (kg/mol) | (kg/mol) | (kg/mol) b
D None water 1 3549 120+£31 | 210£17 | 430+£24 | 2.04+0.05
70:30
F None water: Instant 811 287+5 382+6 | 700+12 1.9+0.2
ethanol
0.IM 70:30
G ) water: 4 14+7 50+15 48+1 7241 1.49+0.03
TEABr
ethanol
M 70:30
H water: 4 12+6 40420 4943 73+3 1.49+0.04
NaCl
ethanol
M 70:30
I water: 4 3049 100+£34 1344 19+£9 1.4+0.2
TEABr
ethanol

ARGET ATRP with DP = [M]/[I] = 5000, [M] = 3M, moles(M) = 0.15 mol, [I]:[Cu]:[L] =
1:1:10, PMDETA as the ligand, CuBr; as the catalyst, at room temperature and ascorbic acid was
fed at a rate of 1 mole to the metal per minutes. Each experiment was run in triplicate.

3.3.4. Effect of catalyst and ligand complex
Challenges 111, IV, V, VI, and VII were addressed by replacing the alkyl bromide initiator

(EBiB) with an alkyl chloride initiator (ECP) and the catalyst complex to CuCl/MesTREN in
Run K. This resulted in a decent monomer conversion and a low dispersity of 1.6 (Table 3.3,
Figure 3.4). The alkyl chloride initiator and CuCl stabilized the dormant species from
hydrolysis.”*° The ligand MesTREN replaced PMDETA since it has a lower disproportionation
rate constant when complexed with Cu(I).% Lastly, a standard ATRP replaced the previous

ARGET ATRP procedure since the feeding of ascorbic acid could not polymerize PAM from the
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surface of AC in a separate experiment, likely due to the slower production of propagating

radicals and their trapping by the variety of oxygen functional groups on the surface of AC in the

feeding of ascorbic acid. Therefore, Run K was the ideal candidate to test high molecular weight

PAM polymerization with molecular weights of up to 10° g/mol. This was achieved by targeting

a higher DP of 20,000, which should be 1,421,600 g/mol at 100% monomer conversion.

Table 3.3 The effect of halide salt concentration and ligand/metal catalyst complex to the monomer conversion, theoretical
number average molecular weight (M, theo), experimental number and weight average molecular weight (Mn, exp and Muw, exp), and
dispersity of the ARGET ATRP of PAM

Monomer

Run Reaction Conditions (mfri?tis) Con(\;/er;sion (kMg[};;;l:)OI) (11:/; '/l:]:’;pl) (g;:]:;l;) b
EBIiB initiator, [CuBr2] =
H' | 3, [PMDETA] =30 mM, 4 1246 40+20 | 4943 73£3 | 1.49+0.04
1M NaCl, 30% ethanol
ECP initiator, [CuCl] =
J [Me, TREN] =3 mM, 4 5447 | 190420 | 10020 | 220450 | 2.2+0.2
30% ethanol
ECP initiator, [CuCl] =
K [Me, TREN] =3 mM, 1 69+1 2464 | 10744 | 180+20 | 1.6%0.1
0.1M NacCl, 30% ethanol
ECP initiator, [CuCl] =
L [Me, TREN] =3 mM, 1 70+11 | 260+£39 | 91+6 | 360+40 | 4.0+0.2
0.5M NacCl, 30% ethanol

'ARGET ATRP with ascorbic acid was fed at a rate of 1 mole to the metal per minute,DP =
[MV/[1] = 5000, [M] = 3M, moles(M) = 0.15, and conducted at room temperature. Each
experiment was run in triplicate.
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Figure 3.5 Normalized RID Signal vs molecular weight of PAM synthesized from Run A and Run K

3.3.5. Increasing Degree of Polymerization (DP)

With the same reaction conditions as run K, run M increased its degree of polymerization
to 20,000 by reducing the concentration of the initiator. However, it only reached a low M, value
of 180 kg/mol even though its theoretical My is 1,000 kg/mol. This could indicate that acrylamide
polymerizes outside the provided alkyl chloride initiator, translating to unattached/free PAM
when using an AC macroinitiator. Higher molecular weights were achieved using an alkyl
bromide initiator with a higher activation rate constant than alkyl chloride and removing the
additional halide salt and ethanol cosolvent.” Run N used a standard ATRP procedure, achieving
higher than expected M,, likely due to termination reactions such as chain coupling. On the other
hand, Run O, which used an ARGET ATRP procedure, achieved a better correlation between
theoretical and experimental My, likely due to a higher initial concentration of deactivator,

CuCl,, which mediated the concentration of propagating radicals, preventing termination events.
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Table 3.4 Ultra-high molecular weight PAM (Degree of Polymerization = 20,000) and their monomer conversion, theoretical
number average molecular weight (M, theo), €xperimental number and weight average molecular weight (M, exp and Mw, exp), and
dispersity of the ATRP of PAM

Monomer
Run Reaction Conditions Conversion Mo, theo | My ew | Mo, exp D
%) (kg/mol) | (kg/mol) | (kg/mol)
ECP initiator, [CuCl] =
M! [Me,TREN] =3 mM, 0.IM 70+ 12 1,388 = 1180265 | 280 70 2(')6;
NaCl, 30% ethanol ’
N [CuCl] = [Me, TREN] = 1.2 S0+ 13 700+ | 1,900+ | 3,000+ | 1.7+
mM, water 200 600 2,000 0.3
, [CuCL]=1.2 mM . 900+ | 700+ | 1,000+ | 1.4+
0 [Me,TREN] = [Ascorbic Acid] 60+ 11 200 200 300 02
= 6 mM, water

'DP = [M]/[1] = 5000, [M] = 3M, moles(M) = 0.15, and conducted at room temperature for 1
hour. 2DP = [M]/[1] = 20000, [M] = 3M, moles(M) = 0.15, and conducted at room temperature
for 1 hour. Each experiment was run in triplicate.

3.4.Conclusions

In this chapter, I have described the successful synthesis of polyacrylamides with three
different molecular weights, 100, 700, and 1900 kg/mol, with molecular weight dispersities 1.4-
1.7, via aqueous ATRP. Lower molecular weights of 100 kg/mol with low molecular weight
dispersities were attained using ethanol as a cosolvent, additional halide salt, an alkyl chloride
initiator, and CuCl/MesTREN catalyst (Run K). Ultra-high molecular weight PAM with higher
molecular weights of 700 and 1,900 kg/mol were attained via standard and ARGET ATRP using
MesTREN as a ligand and an alkyl bromide initiator (Run N and O). The next chapter uses the
ATRP conditions in Run K, Run N, and Run O to graft PAM brushes on activated carbon with

different molecular weights via SI-ATRP.
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4. Surface Initiated Atom Transfer Radical Polymerization from Activated

Carbon

4.1. Introduction

Activated carbon (AC) is a versatile material owing to its unique porous and carbonaceous
structure composed of disordered aromatic sheets.!?! Depending on the carbonaceous precursor,
the resulting AC could have a variety of functional groups on its surface due to residual
heteroatoms such as oxygen and nitrogen.'?? These influence the AC’s properties, including
hydrophobicity, surface charge, electron density, and sites for further surface modifications.'%*
194 The combination of AC’s carbonaceous porosity and surface functional groups allows it to be

extensively used as a solid-state adsorbent for gaseous and liquid contaminants,®+ 93107109

Research has uncovered a promising and cost-effective method for waste remediation in the
oil sand industry: the transformation of petcoke byproducts into AC. This method, with its
potential to adsorb naphthenic acids and heavy metals present in oil sand process-affected water,
offers hope for the future of waste remediation in the oil sand industry.'®”"1% Continuing the
effort to apply petcoke AC to remediate waste produced by the oil sand industry, this research
investigates the use of petcoke AC as a substrate for grafting polyacrylamide. This is significant
as it offers a potential solution for the large-scale flocculation of over a trillion litres of tailings, a

primary environmental concern in the oil sand industry.

Surface modification through polymer grafting has become a powerful approach to
modifying interfaces' chemical and physical properties.'>” Depending on the specific polymer, it
can impart a high density of different functional groups and morphologies. This can alter the

substrate’s properties, including adsorption capacity, colloidal stability, surface wettability, and
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electronic properties.'3” There are three approaches to polymer grafting: grafting-to, -through, or
-from. A grafting-from method is usually employed to modify substrates because it can achieve
higher grafting densities since polymer chains are directly grown from an initiator functionalized
surface.’686:142143 A orafting-from approach uses a surface-initiated reversible-deactivation
radical polymerization (SI-RDRP) capable of forming polymers with precise molecular weight,

architecture, and composition control.**!37

Previously in our laboratory, an AC-modified PAM (AC-PAM) was synthesized via a
grafting-from method using surface-initiated activators generated by electron transfer atom
transfer radical polymerization (SI-AGET-ATRP). With its remarkable ability to flocculate
dilute mature fine tailings (MFT) with 5 wt% solids, this AC-PAM outperformed free PAM with
the same molecular weight and dose of 20,000 ppm. The potential application of this AC-PAM
in large-scale flocculation of over a trillion litres of tailings is a promising area for further

research.'!?

Ungrafted/free polyacrylamide requires a higher molecular weight of 2x10° g/mol to
flocculate tailings effectively.!® At this molecular weight, the polymer's length is much greater
than twice the double-layer length of the suspended clays in the tailings, allowing it to induce
bridging flocculation.'® Additionally, the PAM forms a gel-like network in water via hydrogen
bonding that hinders its ability to release water during flocculation.!” The introduction of
hydrophobic segments in PAM is currently being researched to improve the water release during
flocculation. This has been seen in the literature by the copolymerizing of PAM with
hydrophobic monomers such as N-tert-butyl acrylamide (t-BAAM)?*, N-isopropyl acrylamide

(NIPAM),” and 5-methacrylomido-1,2-benzoboroxole (MAAMBO).*° These reports have shown

44



that increasing the hydrophobic segment can improve the rate of dewatering from the aggregates

by up to a factor of five.?!

This chapter discusses synthesizing high molecular weight PAM brushes from the surface of
hydrophobic petcoke-based AC to evaluate their effect on the flocculation of dilute mature fine
tailings (MFT). The AC is modified into a macroinitiator for SI-ATRP using an adapted
procedure from Begin et al. (Figure 4.1).!'2 The polymer brushes are grown from the surface of

the initiator-modified AC using the ATRP conditions developed in the previous chapter.
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Figure 4.1 Synthesis scheme for the preparation of initiator-modified ACs

4.2. Materials and Methods

4.2.1. Materials

Potassium hydroxide (KOH), ammonium persulfate (APS), sulfuric acid (H2SOs), 4-
N,N-dimethylaminopyridine (DMAP), a-bromoisobutyrylbromide (BiBB), and 2-

chloropropionyl chloride (CPC) was purchased from Sigma Aldrich and was used as received.

45



Dichloromethane (DCM) and tetrahydrofuran (THF) were purchased from Sigma Aldrich and
were dried using 4 A molecular sieves. Triethylamine (TEA) was purchased from Alfa Aesar and
was dried using 4 A molecular sieves. Suncor Energy Inc. (Alberta, Canada) supplied petroleum

coke.

4.2.2. Preparation of Activated Carbon from Petroleum Coke

Petroleum coke was first heat treated at 400 °C for 30 minutes to remove impurities.
Approximately 3.0 g of petroleum coke and 3.0 g of KOH were ground thoroughly and placed in
a stainless-steel crucible. The mixture was then ramped at 40 °C/min to 430 °C, where it was held
for 30 minutes, followed by ramping at 90 °C/min to 900 °C, where it was held for 15 minutes,
all under N2. The sample was allowed to cool to a minimum of 250 °C under N flow before
being removed from the oven. The sample was ground with a mortar and pestle and stirred with
60 mL of deionized water for 1 hour, then vacuum filtered and washed with 60 mL of deionized
water at 80 °C for another hour. The sample was finally stirred with 0.1 M HCI1 (10 mL/g of AC)
at 80 °C for 1 hour, then recovered by vacuum filtration. The recovered AC)was dried in an oven
at 110 °C overnight. The dried AC was separated by diameter using US Standard Sieve No. 35

and 140, resulting in ACs with diameters >0.5mm, 0.1 — 0.5 mm, and <0.1 mm.

4.2.3. Preparation of oxidized activated carbon (AC-OH)

Approximately 4.0 g of activated carbon (<0.1 mm and 0.1 — 0.5 mm diameter), 22.2 g
ammonium persulfate (97.3 mmol), and 2.72 mL (50.0 mmol) of concentrated HSO4 were
added to 35 mL of deionized water. The mixture was stirred at 300 rpm at 60 °C for 4 hours. The
mixture was cooled to room temperature and filtered by vacuum filtration. The product was
washed with deionized water until the washings were neutral, then dried in an oven overnight at

110 °C.
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4.2.4. Preparation of initiator grafted activated carbon

4.2.4.1. Bromine initiator grafted activated carbon (AC-Br)

Approximately 2.5 g of AC-OH (<0.1 mm and 0.1 — 0.5 mm diameter), 0.147 g of
DMAP (1.20 mmol), 50 mL of dry tetrahydrofuran (THF), and 2.80 mL of triethylamine (20.1
mmol) were added to a 100 mL round bottom flask. The mixture was dispersed in an ultrasonic
bath for 30 minutes, then transferred to an ice-salt bath and sparged with N> for 30 minutes. In a
separate round bottom flask in an ice-salt bath, 14 mL of dry THF was sparged with N for 30
minutes. Once sparged, 1.076 mL of a-bromoisobutyryl bromide (BiBB) (8.705 mmol) was
charged. The initiator solution with BiBB was charged dropwise into the AC-OH solution for an
hour. The mixture was stirred in an ice-salt bath for 3 hours, then at room temperature for 48
hours. The mixture was filtered and washed with deionized water and then acetone. The resulting

product was dried in a vacuum oven at 40 °C.

4.2.42.  Chlorine initiator grafted activated carbon (AC-Cl)

Approximately 2.5 g of AC-OH, 0.147 g of DMAP (1.20 mmol), 50 mL of dry DCM and
2.80 mL of TEA (20.1 mmol) were added to a 100 mL round bottom flask. The mixture was
dispersed in an ultrasonic bath for 30 minutes, then transferred to an ice-salt bath and sparged
with N2 for 30 minutes. In a separate round bottom flask in an ice-salt bath, 14 mL of dry DCM
was sparged with N> for 30 minutes. Once sparged, 1.529 mL of 2-chloropropionyl chloride
(CPC) (15.80 mmol) was charged. The initiator solution with BiBB was added dropwise into the
AC-OH solution for an hour. The mixture was stirred in an ice-salt bath for 3 hours, then at room
temperature for 48 hours. The mixture was filtered and washed with deionized water and then

acetone. The resulting product was dried in a vacuum oven at 40°C.
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4.2.5. Surface-initiated ATRP of acrylamide from AC-Init (AC-PAM)

4.2.5.1. Standard ATRP

10.67 g of acrylamide (15.00 mmol), 15/150 mg of AC-Br (<0.1 mm and 0.1 — 0.5 mm
diameter), and 39 mL of Millipore water were added to a Schlenk flask and sparged with N> for
1 hour. After sparging, the Schlenk flask was put under positive nitrogen before adding CuCl
(0.015 mmol) and MesTREN (0.015 mmol). The reaction was sealed, then vacuumed and filled
with N> three times. The reaction was stirred at 300 rpm for 24 hours. Afterward, the AC-PAM
was precipitated from the reaction using 250 mL of methanol, collected, and washed with

another 50 mL of methanol before drying in a vacuum oven at 60°C overnight.

4.25.2. ARGET ATRP

10.67 g of acrylamide (15.00 mmol), 27 mg of ascorbic acid (0.15 mmol), 15/150 mg of
AC-Br/Cl (<0.1 mm and 0.1 — 0.5 mm diameter), and 34 mL of Millipore water were added to a
round bottom flask and sparged with N> for 1 hour. CuBr2/CuCl; (0.015mmol) and
PMDETA/MesTREN (0.15 mmol) were added into a vial fitted with a septum containing 5 mL
of water. The catalyst solution was sparged with N> and injected into the flask containing the
monomer solution using an N2-purged syringe needle, and the reaction was sealed under N> flow.
The reaction was stirred at 300 rpm for 24 hours. Afterward, the AC-PAM was precipitated from
the reaction using 250 mL of methanol, collected, and washed with another 50 mL of methanol

before drying in a vacuum oven at 60 °C overnight.

4.2.6. Hydrolysis of PAM from AC-PAM

The polymer was cleaved off the surface of AC through acid-catalyzed hydrolysis to

determine the molecular weight of the grafted polymer. 0.1 g of AC-PAM was added into 5 mL
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of 0.1 M hydrochloric acid (HCI), and the mixture was refluxed at 100 °C for 3 hours. Upon
completion, the solution was cooled to room temperature and neutralized to pH 7 using dilute
NaOH, and the PAM was collected using a 0.45 um syringe filter. The filtrate was precipitated in
excess methanol (~ x5 filtrate volume) and vacuum filtered to recover the cleaved polymer,

which was dried in a vacuum oven at 60 °C overnight.

4.2.7. Characterization

Fourier transform infrared spectroscopy (FTIR) was used to determine the functional groups
on the surface of the different AC samples. All samples were analyzed using a Nicolet 380 FTIR
spectrometer with a diamond crystal attenuated total reflectance (ATR) accessory. 128 scans per
analysis within the 4000-400 cm™! range were performed. The functionalized activated carbon
samples' elemental composition and chemical speciation were measured by X-ray photoelectron
spectroscopy (XPS), as described in Chapter 2.1.5. The polymer's molecular weight and
molecular weight distribution were assessed by size exclusion chromatography (SEC) using an
Agilent Technologies 1220 Infinity LC equipped with a refractive index detector (RID, Agilent
Technologies 1260 Infinity). A PL aquagel-OH MIXED-H 8 um, 300 x 7.5 mm column was
used with an aqueous solution of 0.2M NaNOj and 0.01 M NaH>POy4 at pH 7 as the mobile
phase. Each sample injected was 20 pL with a concentration of 0.10 % (g/mL%).
Chromatography proceeded at room temperature, with a 1 mL/min flow rate, with the detector
set at 35°C. The column was calibrated with PEO/PEG standard samples with narrow molecular
weight distributions in the range of 106 — 1,522,000 g/mol (Agilent Technologies).
Thermogravimetric analysis (TGA) was employed to determine the weight percent of the grafted

material on the surface of the functionalized activated carbon samples. TGA was performed
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using a TA instruments Q600 SDT thermal analyzer. The samples were heated from room

temperature to 1000 °C at 10 °C/min under argon with a 20 mL/min flow rate.
4.3. Results and Discussion

4.3.1. Characterization of AC-PAM

Polyacrylamide was grafted from an activated carbon initiator with particle sizes <0.1
mm and 0.1-0.5 mm, denoted as ACo.1 and ACo.1.0.5. The AC initiator was synthesized by first
oxidizing the activated carbon (ACo.1-OH and ACo.1.05-OH). The ATRP initiators, o-
bromoisobutyryl bromide and 2-chloropropionyl chloride, were grafted to the oxidized AC
surface to form the AC macroinitiators (ACo.1-Br, ACo.1-0.5-Br, ACo.1-Cl, and ACo.1-0.5-Cl).
Polyacrylamide was grafted from these AC macroinitiators using standard and ARGET SI-ATRP
at a Degree of Polymerization (DP) of 20,000, 5,000, or 2,000 based on Runs K, N, and O,

denoted with the subscript PAMsk, eioH, Nacl, PAMaok, std, PAMok, s, or PAMook, ARGET.

FTIR was used to monitor the addition of new functional groups after every modification
on AC. Figure 4.2 shows the FTIR of the modified ACo.1.0.5. The oxidized AC contains various
oxygen-containing functional groups, evident from the band at 1716 cm™! corresponding to C=0O
stretching vibrations of ketones, aldehydes, carboxyl or lactone groups, and the band at 1210 cm™
I assigned to C-O stretching vibrations in acids, phenols, esters and ethers (Figure 4.2). After
initiator functionalization, both AC-Br and AC-CI had an additional small peak at 1643 cm™!
corresponding to the C=O stretching vibration of alkyl bromide and alkyl chloride. Additionally,
peaks corresponding to PAM were observed after grafting the PAM from the surface of AC
(ACo.1-05-Br-PAMaok_ sw). These included an NH» asymmetric stretching at 3339 cm™, NH»

symmetric stretching at 3185 cm™!, sp® CH, symmetric stretching at 2926 cm™, sp’ CH;
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asymmetric stretching at 2860 cm™!, C=0 stretching at 1647 cm™', N-H bending at 1604 cm’!, sp’
CHz bending at 1446 cm™!, and C-N stretching at 1415 cm™. The FTIR spectra for modified AC
particle sizes <0.1 mm and the rest of AC-PAM showed similar results (Supplementary Figure

S1).
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Figure 4.2 FTIR of oxidized AC (ACo.1-0.5-0n), alkyl bromide-modified AC (ACo.1-0.5-Br), alkyl chloride-modified AC (ACo.1-0.5-
Cl), polyacrylamide grafted AC (ACo.1-0.5-Br-PAMaok, std), and polyacrylamide (PAM).

The elemental composition and speciation of the various modified ACs were determined
using XPS. The elemental composition was determined from each sample’s survey scans and is
summarized in Table 4.1 below. Oxidation of the AC increased the total oxygen content in the
sample from 16.13 and 15.88 At % to 20.69 and 18.81 At % while reducing the oxygen-
containing silicates from 1.74 and 1.71 At% to 0.54 and 0.40 At%. Functionalization with the
initiator increased the bromine content to 1.11 and 1.38 At %, while functionalization with the

alkyl chloride initiator increased the chlorine content to 1.30 At%.
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Table 4.1 Elemental composition in atomic % of standard, oxidized, bromine-initiator, and chlorine-initiator functionalized ACs
with particle diameters <0.1 mm and 0.1-0.5 mm from XPS survey scans

Elemental Composition (At %)

Sample Name C O Br__Cl__N_| Others
Si(1.74),
Standard Activated Carbon (AC<o.1) | 81.32 16.13  0.00 0.00 0.30 | Fe(0.34),
Ti(0.17)
Si(1.71),
Standard Activated Carbon (ACo.1- 0.05 1588 0.6 0.00 0.30 Fe(0.33),
0.5) Al(1.30),

Ti(0.17)

Oxidized AC (AC<0.1-OH) 78.31  20.69  0.00 0.44 0.01 S(0.54)
Si(0.40),
Oxidized AC (ACo.1-0.5-OH) 79.84 18.81  0.00 0.00 0.88 Fe(0.04),
Ti(0.03)

Bromine-initiator functionalized AC .
(AC-01-Br) 79.75 1697 1.11 0.00 2.06 Si(0.12)
Bromine-initiator functionalized AC .

81.98 14.79 1.38 0.00 1.29 0.56

(ACo.1-0.5-Br) Si(0.56)
Si(2.05),
Chlorine-initiator functionalized AC Al(0.99),
(ACo.1.05-Cl) 72.82  19.18  0.00 1.30 2.44 $(0.56).
Ca(0.66)
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Peak fitting of the high-resolution C 1s scan of the oxidized AC indicated successful

oxidation due to the increase in % area of carbon-oxygen components C-OH/C-O-C (286.3-

286.5 eV), C=0 (287.7-287.9 eV), and O=C-O (288.8-289.0 V) shown for ACo.1.0;5 in Figure

4.3 while the C 1s scan of AC<o.1 and the rest of the synthesized AC-PAMs are in Figure S2.

Additionally, the “living” halide-ends of the alkyl halide initiators tethered on the surface of AC

were preserved after initiator functionalization, as evident from the high % area of both C-Br and

C-Cl from the peak fittings of high-resolution Br 3d scan and CI 2p scan (Figure 4.4). Finally,

ATRP of acrylamide conducted on free alkyl halide initiator forming PAM and from the surface

of AC-CI/AC-Br showed an increase in % area of carbon-oxygen component N-C=0 (287.8-

288.0 eV).
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Figure 4.3 High-resolution C 1s scans with synthetic components for
activated carbon (ACo.1-0.5), oxidized AC (ACo.1-05-OH), alkyl-bromide
functionalized AC (ACo.1-0.5-Br), alkyl-chloride functionalized AC
(ACo.1-05-Cl), polyacrylamide grafted from AC (ACo.1-0.5-Br-PAMaok, std)
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Figure 4.4 High-resolution (bottom) Cl1 2p scan
of alkyl chloride functionalized AC (ACo.1-0.5-Cl)
(top), Br 3d scan of alkyl bromide functionalized
AC (ACo.1-0.5-Br) (middle), and (ACo.1-Br)
(bottom) with synthetic components fitted.
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The amount of initiator bound to the surface of activated carbon can also be estimated
using the elemental composition of both AC-Br and AC-CI from their respective XPS survey
scans. The Br/Cl atomic % from the XPS survey scan can be converted to weight % using
Equation 22. The Br/CI weight % was used to estimate the concentration of Br/Cl as moles per
gram of AC, which is 1:1 to the moles of initiating groups grafted per gram of AC using
Equation 23. Finally, the mass of AC-Br and AC-Cl required to reach DP = 20,000 is calculated
using Equation 24 and summarized in Table 4.2. A high DP of 20,000 was targeted to produce a
molecular weight of 1,421.6 kg/mol if 100% monomer conversion and initiator efficiency were

achieved. A lower DP of 2,000 was attempted to achieve a higher AC to PAM content.

Wt% (Br)

At%(Br)
Wt%(Br, C, 0, ...)
2 At9%(Br,C,0, ..)

Wt% (Br) = (22)

Equation 22 Conversion to weight percent from atomic percent

[Br]( moles )_ moles (Br) B Wt%(Br) 23)

gram of AC/ ~ grams of AC 100 - molar mass (Br)

Equation 23 Concentration of halide on the surface of AC in moles per gram of AC

moles of monomer _ 0.15
DP - [Br] 20,000 - 0.0008

AC_y4Br(g) = =0.009g (24)

Equation 24 Amount of AC initiator required to reach a specified degree of polymerization

Table 4.2 Weight %, concentration of Br and Cl on the surface of AC, and mass required to reach DP =[M]/[I]= 20k

Sample Br/Cl | Concentration (mmoles of Br/Cl | Mass required to reach DP =
Wt % per gram of AC) 20k (mg)
ACo.1-05-Cl 33 0.90 8
AC<0.1-Br 6.6 0.80 9
ACo.1-05-Br 8.1 1.0 8
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4.3.2. Molecular weight determination

Using the synthesized AC macroinitiators, seven different AC-PAMs were synthesized using

different ATRP conditions (using Run K, N, and O from Chapter 3), AC particle size, and

degrees of polymerization (DP). Their molecular weights and dispersity were determined by first

cleaving the polymer brushes from the surface of AC using acid-catalyzed hydrolysis. The

cleaved polymer was then analyzed using size exclusion chromatography calibrated by

PEO/PEG standards as described in Chapter 3.

Table 4.3 Mass recovery, number (Mn) and weight (Mw) average molecular weight of AC-PAM synthesized using different

ATRP conditions of Run M, N, and O from Chapter 3, particle size, and degree of polymerization

Mass

. .pe Mn,exp Muw,exp

Sample Reaction Conditions Re:((;v)ery (kg/mol) | (kg/mol)
0
[CuCl] = [MesTREN] = 3
ACo.1.05-Cl-PAMsi prornaci | mM, 0.1M NaCl, 30% | 60=15 | 11010 | 280 £70
ethanol
. [CuCl] = [MesTREN] = 5.600< | 9,700 ¢
AC-<0.1-Br-PAMaoi. s 0.9 mM 7E2 600 900

[CuCl] = [MesTREN] = 4900 | 9,000

ALo.1-05-Br-PAMzok su 0.9 mM >E2 900 | 2,000
[CuCl] = [MesTREN] = 3.800= | 7,000 £

AC<0.1-Br-PAMax sua 0.9 mM 24£8 1 600 1,000
[CuCl] = [MesTREN] = 3300= | 6,000

ALo.1-05-Br-PAMai. s 0.9 mM 1726 1 700 1,000
. [CuCly] = [MesTREN] = 3,000+ | 6,000+

AC<01-Br-PAMao srgEr [Ascorbic Acid] = 3mM | 227 1,000 | 3,000
o [CuCl,] = [MeeTREN] = 1.400 £ | 2,000+

ACoros-Br-PAMaok aRGET | 1A Georbic Acid] =3mM | /2 | 800 | 2,000

Like Run M, ACo.1-0.5-C1-PAM20k, EtoH, and Nac1 achieved high mass recoveries but low

molecular weights, indicating chain transfer reactions that polymerize acrylamide outside the

initiators tethered on the surface of AC (Table 4.3). Reducing the polarity using ethanol,

increasing the stability of the deactivator using NaCl, and using a more stable alkyl chloride

initiator have been shown to decrease the value of the ATRP equilibrium and improve the
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control over the polymerization.®>”> However, higher M, was achieved when ethanol and NaCl
were removed, and an alkyl bromide initiator was used. This shows that a higher ATRP

equilibrium is preferred when grafting high-molecular-weight PAM.

Grafting from the surface of AC could hinder the polymerization of higher molecular weight
PAM due to the diffusional limits imposed by AC's porosity. A higher ATRP equilibrium
produces more propagating radicals on the surface of AC, which could be required to allow
acrylamide to diffuse into the pores of AC and polymerize into higher molecular weight PAM.
Whereas at a lower ATRP equilibrium, the propagating radical on the surface of AC could be
deactivated before acrylamide diffuses into the pores to polymerize from the surface. Instead, the
acrylamide would rather polymerize from a free propagating radical started by a chain transfer
reaction or an unknown initiating side reaction. Hence, ACo.1-0.5-Cl-PAM3sy, EtoH, and Nac1 produced

lower molecular weight chains even at high mass recoveries.

The standard ATRP procedure (AC<o.1-Br-PAMaok, s and ACo.1-0.5-Br-PAMaok, sid) achieved
the highest M,, reaching 5,600 and 4,900 kg/mol. Higher than expected molecular weights at DP
of 20,000 and low mass recoveries of 5-7% are likely due to chain termination events,
specifically, chain coupling. At a higher ATRP equilibrium due to the polarity of the reaction
medium, there is a higher concentration of propagating radicals. Combined with the high
molecular weight target, it could produce propagating polyacrylamide brushes long enough to

reach other propagating polyacrylamide brushes either on the same AC particle surface or others.

Decreasing the DP to 2,000 (AC<o.1-Br-PAMy, sta and ACo.1-0.5-Br-PAMy, sid) improved the
mass recoveries to 24 and 17% while still achieving higher than expected M, of 3,800 and 3,300

kg/mol. The M, was expected to be 142.16 kg/mol at a DP of 2,000 with 100% initiator
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efficiency. This shows that the alkyl halide initiators tethered on the surface of AC have low

initiator efficiencies, producing fewer chains with a higher molecular weight.

Using an ARGET SI-ATRP method improved mass recoveries to 22 and 37% with a slightly
lower M, of 3,000 and 1,400 kg/mol than the standard SI-ATRP method. This indicates fewer
chain termination events, including chain coupling reactions. A higher initial concentration of
deactivating [Cu(II)/L]-X in the solution could control the concentration of propagating radicals
enough to limit chain termination while allowing the polymerization of higher molecular weight
polymers, unlike adding ethanol and NaCl. Lastly, changing AC particle diameter between <0.1

mm and 0.1-0.5 mm consistently showed no significant differences in mass recovery, My, or My,.

4.3.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was used to estimate the amount of grafted PAM from
the surface of activated carbon. The increase in the residual weight percent at 1,000°C of the AC-
PAMs from PAM was assigned as the weight percent of activated carbon (AC) (Table 4.4). The
AC content of the AC-PAM is influenced by the amount of AC initiator added in the reaction
(i.e., degree of polymerization (DP)) and the mass recovered after polymerization. Therefore,
ACo.1-05-Cl-PAMsy, Eton, Nac1 had the lowest AC content of 0.2 wt % because they had the highest
mass recovery of 60 %. Whereas AC<o.1-Br-PAMyy, sia and ACo.1-0.5-Br-PAMyy s had the highest
AC content of 5.1 and 5.8 wt % since it had a low DP of 2,000 and a low yield of 24 and 17 %.
The ability to graft PAM brushes from such a low AC content means that SI-ATRP can graft

densely packed high molecular weight PAM brushes from the surface of AC.
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Table 4.4 Residual weight % at 1,000°C and AC content of PAM and different AC-PAMs

Sample Residual Wt% at 1,000°C AC content (Wt%)

PAM 8.45+0.05

ACo.1-05-CI-PA M5k, EtOH, NaCl 8.7+0.5 0.2 +0.5
AC<0.1-Br-PAMb2ok, std 11.0+0.9 25+0.9
ACo.1-05-Br-PAM2ok, std 12 +£1 32+1.0
AC<0.1-Br-PAMzx, sta 13.5 £0.4 5.1 +£04
ACo.1-05-Br-PAM2k, sta 143 £0.6 5.8 £0.6
AC<0.1-Br-PAM2ok, ARGET 93+0.8 0.9+0.8
ACo.1-0.5-Br-PAM2ok, ARGET 9.0 £0.6 0.5 £0.6

4.4. Conclusion

In this chapter, polyacrylamide was successfully grafted from activated carbon using a
surface-initiated ATRP with a range of molecular weights, AC content, and AC particle
diameters. Both FTIR and XPS of AC-PAM contained numerous peaks corresponding to the
functional groups present in PAM. Both standard and ARGET SI-ATRP could synthesize high-
molecular weight PAM brushes with M, greater than 10° g/mol measured by SEC. For both AC
particle diameters, <0.1 mm and 0.1-0.5 mm, and high DP of 20,000 (M. theo = 1,421.6 kg/mol),
the use of ethanol, NaCl, and alkyl chloride initiator, which showed improved control over the
polymerization of free PAM in the last chapter was unable to polymerize PAM with higher
molecular weights. Meanwhile, standard SI-ATRP provided poor control over the
polymerization, resulting in low mass recoveries of 5 and 7%, but achieved higher experimental
M, 0f 4,900 and 5,600 g/mol. Finally, ARGET SI-ATRP provided better control, achieving
higher mass recoveries of 22 and 37 wt%, with M, of 3,000 and 1,400 kg/mol at the same DP of
20,000, closer to the expected My. The following chapter will examine the flocculation
performance of the AC-PAMs with different molecular weight brushes, AC content, and AC

particle size fabricated in this chapter to the flocculation performance of PAM.
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5. Flocculation performance of AC-PAM

5.1. Introduction

As described previously, oil extraction from the Alberta oil sands has and continues to
generate massive amounts of water-based tailings comprising sand, silt, clay, and residual
bitumen. The sheer volume of this waste underscores the scale of the environmental challenge
and the urgent need for effective management solutions.! These tailings are stored in tailings
ponds, which use gravity to separate the solids from water. Over time, the coarse sand and some
finer particles settle to the bottom of the pond, while some of the entrapped water is released and
collected at the top of the pond to be recycled.!® After several years of consolidation, a stable
suspension of tailings forms between the coarse sand and supernatant water, referred to as
mature fine tailings (MFT).! The MFT contains 30-35 wt% solids, mainly fine clays, that remain
dispersed and do not naturally undergo consolidation for decades due to the electrostatic
repulsion between the negatively charged particles.'* Due to the slow consolidation of MFTs
and high oil demand, the inventory of tailings ponds in Canada is estimated to reach 2 billion m?

in 2034.!

Additionally, these tailings ponds contain large volumes of oil sands process-affected water
(OSPW), which contains elevated levels of naphthenic acids, volatile organic compounds
(VOCs), and heavy metals that have the potential to seep into the surrounding groundwater.'#’
The Energy Resource Conservation Board in Alberta addressed these concerns by establishing
tailings management regulations for oil sands operators. These regulations require that all
tailings produced during a project's lifetime be ready to be reclaimed within ten years of its
operation.'*® However, current dewatering technologies can only recover about 70% of the water

from the oil sands tailings, leaving about 3.3 m? of tailings still being produced per 1 m? of
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bitumen extracted.'® To achieve tailings management regulations, current dewatering

technologies must be improved.

Currently, commercial methods such as paste technology, a widely used technique for
dewatering MFTs, are employed. These methods rely on polymer flocculants, typically long-
chain water-soluble polymers that can promote settling suspended fine particles.'*” Depending on
the polymer's charge and molecular weight, it can induce aggregation and water release through

depletion, charge patch, and bridging flocculation.

Depletion flocculation requires that the continuous phase be saturated with a higher dose of
low molecular weight neutral polymer. The polymer pushes the particles together until they
approach closely enough that no polymer coils can fit, generating an osmotic force that removes
the solvent between particles.'*® On the other hand, charge patch flocculation adsorbs a polymer
with densely charged counter-ions on the surface of a particle, creating an area of localized
charge inversion that can attract other particles. Both mechanisms tend to create coagulated
rather than flocculated aggregates, according to the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, where reduction of inter-particle repulsion allows the particles to approach close

enough to be held together by van der Waals forces.!*%14

Bridging flocculation relies on adding a very high-molecular-weight polymer that can adsorb
two or more particles per polymer. It is usually exceptionally rapid and gives rise to denser
aggregates with lower content and porosity than depletion and charge-patch flocculation, 4815
Most commercially available bridging flocculants are polyacrylamide (PAM) based. They are
water-soluble and can easily be synthesized to reach high molecular weights.” Adsorption occurs

through the formation of hydrogen bonds between the PAM's acrylamide protons and the oxygen

atoms on the clay particles' surfaces.” However, PAM has high polymer self-interaction due to its
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dense amide functionality. This forms a gel-like network via hydrogen bonding that retains large

volumes of water, making it inefficient to flocculate fine particles (< 2pum)."”

Developing new polyacrylamide-based flocculants by modifying molecular weight, chemical
composition, and architecture opens exciting possibilities for improving dewatering
technologies. When copolymerized with ionic monomers, acrylamide forms ionic PAM, which
can extend its polymer chains in solution due to the electrostatic repulsion between chain
segments with similar charges. Cationic PAM is synthesized by copolymerization with
acryloyloxyethyl trimethylammonium chloride (DMC/DAC),?° and diallyl dimethyl ammonium
chloride (DADMAC) monomers.'*” However, very high molecular weight cationic PAM can
also cause the polymer to collapse onto the solid’s surface due to the favourable charge pair
between cationic PAM and the negatively charged surface of the suspended particles, limiting its

extended polymer chain segment length for bridging flocculation.

On the other hand, anionic PAM with a 22-30% charge density at very high molecular
weights of 10%7 g/mol was found to be more efficient in flocculating MFTs.?* ¢ The
heterogeneous distribution of negatively charged areas allows the anionic PAM to extend its
polymer chain segments while maintaining adsorption sites for clay adsorption. Anionic PAM
can be made with acrylic acid (AA), methacrylic acid (MAA), and 2-acrylamide-2-methyl-1-
propanesulfonic acid (AMPS).2” However, an anionic PAM can still not effectively dewater oil

sands tailings due to the polymer’s high hydrophilicity.

Therefore, further research into introducing hydrophobic monomer groups is being explored
to enhance the dewaterability of PAM. Hydrophobic PAM has been synthesized by
copolymerizing acrylamide with hydrophobic monomers such as N-tert-butyl acrylamide (t-

BAAM),?’ N-isopropyl acrylamide (NIPAM),'*! and 5-methacrylomido-1,2-benzoborozole
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(MAAMBO).?° Increasing the PAM’s hydrophobic segment has been shown to increase the

dewatering rate by up to a factor of 5.%!

Branched polymers have also been investigated to extend the PAM segments into the
solution and increase its bridging capacity. In 2018, Xu et al. copolymerized PAM with a
cationic hyperbranched oligomer, poly(N-acryloyl-1,2-diaminoethane hydrochloride) (HADE) to
form a cationic hyperbranched PAM-HADE.*? The steric hindrance due to branching forces an
extended polymer configuration, improving flocculation performance compared with its linear
counterpart, which has similar molecular weights, charge density, and intrinsic viscosity.>?
Extended polyacrylamide configuration can be achieved by grafting a surface with dense
polymer chains. Das et al. demonstrated that PAM grafted on hydroxypropyl methylcellulose
showed a larger hydrodynamic radius when its grafting efficiency increased, achieving lower

supernatant turbidities and faster settling rates.!>

Therefore, this chapter explores the flocculation performance of activated carbon
polyacrylamide (AC-PAM) hybrids (synthesized in Chapter 4), the result of the PAM with
different molecular weights and concentrations grafted from the surface of activated carbons at
different concentrations and with different particle size distributions. PAM was grafted from the
surface of activated carbon (AC) to impart a high density of PAM brushes on the surface, extend
the polymer into the tailing solution, increase the density of flocs, and introduce hydrophobicity
through the carbon substrate. It is hypothesized that the flocculation performance of PAM can be

improved by grafting from an activated carbon substrate.
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5.2. Materials and Methods

5.2.1. Materials

Suncor Energy Inc. (Alberta, Canada) supplied the mature fine tailings (MFT) used for

the settling tests. Aluminum sulphate was procured from Kemira Chemicals Inc.

5.2.2. Preparation of AC-PAM

Polyacrylamide grafted from activated carbon was synthesized by oxidizing AC,
followed by the attachment of the ATRP initiator, as outlined in Chapters 4.2.3. and 4.2.4. The
polyacrylamide was grafted from the surface of AC-Br by ATRP, as summarized in Chapter

4.2.5.

5.2.3. Dean-Stark Extraction

The Dean-Stark extraction, described in Chapter 2.2.1, determined the supplied MFT

sample's solids, moisture, and bitumen content.

5.2.4. Settling Tests

Settling tests were conducted by weighing 90.0 g of MFT slurry (diluted to 5.55 wt%
solids in deionized water) into a 250 mL beaker. Flocculant dosages are reported as mg of
flocculant per kg of solids in the MFT. Both flocculants, PAM and AC-PAM, were pre-dissolved
in deionized water to a concentration of 1 wt% solids to water content for at least 48 hours. Each
test is conducted with 950 ppm of aluminum sulphate (alum) calculated using the following

equation 25:

D - m,,

Viml) = 15676

(25)

Equation 25 Volume of aluminum sulphate required
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Where V(mL) is the volume of alum, D is the dosage of alum, my is the mass of water in the
MEFT slurry (95 g), C is the concentration of alum (44.78%), and G is the specific gravity of alum
(1.33 g/ml). The slurry was presheared at 600 rpm using a three-blade propeller for 10 seconds.
Then, 950 ppm of alum and the flocculant were added simultaneously. Afterward, the suspension
was sheared at 600 rpm for 2 minutes, followed by 200 rpm for 8 minutes. 5 mL of the treated
MFT slurry was transferred into a capillary suction time (CST) funnel (Chapter ) while the rest
was transferred to a 100 mL graduated cylinder to monitor the change in mudline height over
time. A settling profile was obtained by plotting the mudline height vs. time, and the initial
settling rate (ISR) was reported as the slope of the initial linear section of the profile. The slurry
was allowed to consolidate for 24 hours, the supernatant was carefully pipetted, and the turbidity
was measured using a DR/890 Portable Colorimeter (Hach). The consolidated flocs were drained
using 1 mm sieves for 24 hours while covered at room temperature. The weight of the drained
floc was determined and then dried for another 24 hours at 110 °C. The solids content was

calculated by dividing the weight of the dried floc by the drained floc times 100 %.!%18:147.153

5.2.5. Characterization

PAM and AC-PAMs were characterized using FTIR and XPS, as described in Chapter 4.

Size exclusion chromatography, as described in Chapter 4, determined their molecular weights.
5.3. Results and Discussion

5.3.1. Dean-Stark Extraction

The flocculation performance of a flocculant depends on the composition of the
suspension. Hence, it is essential to guarantee that the composition of this suspension is

characterized and held constant throughout the flocculation tests. A Dean-Stark extraction was
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used to determine the solid, water, and bitumen content of the given MFT sample since the
composition of the received samples varies between batches. The extraction was repeated in
triplicate (Table 5.1) and showed that the MFT sample contained 68 + 3 wt% water, 27 = 1 wt%
solids, and 4 + 1 wt% bitumen. These results were used to dilute the MFT to 5.55 wt% solids for

the settling tests.

Table 5.1 The composition of MFT determined from Dean-Stark extraction

Composition (wt%) | Trial 1 Trial 2 Trial 3 Average

Water 64.8 71.5 70.2 68 +3
Solids 28.0 25.9 26.3 27 +1
Bitumen 5.5 4.6 33 4+1

5.3.2. Flocculation Performance

The flocculation performance of AC-PAM with varying PAM brush molecular weight,
AC content, and AC particle size was investigated by conducting settling tests to measure the
initial settling rate, capillary suction time, supernatant turbidity, and solids content. Each test was
conducted with a fixed dosage of 950 ppm of coagulant, aluminum sulphate, as prescribed by a
lab-scale screening method for polymers that aim to replace the currently used PAM flocculant
in industry.!>* The results were also compared to the flocculation performance with only the
coagulant and PAM with a similar molecular weight to the grafted PAM from the surface of AC
(AC-PAM). PAM was synthesized under the same conditions as Run M (described in Chapter 3).
AC-PAMs were synthesized with different molecular weight brushes to determine the optimal
polymer brush length to induce bridging flocculation. AC content was changed to evaluate the

effect of hydrophobicity on the dewatering of MFT. AC particle sizes were separated to
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determine if a smaller or larger particle size could obtain better flocculation performance. AC-
PAMs of different molecular weight brushes, AC content, and AC particle sizes were
synthesized under the same conditions of Runs K, M, N, and O, as described in Chapter 4. Table
5.2 summarizes each candidate’s AC content, experimental number, and weight average PAM

brush molecular weights.

Table 5.2 PAM and AC-PAM with different AC content, My, and Mw evaluated for flocculation of 5 wt% MFT

Sample AC Content (%)" | Mu,exp (kg/mol) | Mw,exp (kg/mol)
PAM0k, std 1,900 + 600 3,000 + 2,000
ACo.1-0.5-C1-PAMSsk, EtoH, NaCl 0.2+0.5 107 £ 4 180 +20

AC<.1-Br-PAM;, std 2.5+0.9 5,600 = 600 9,700 £ 900

ACo.1-0.5-Br-PAMaok, std 32+1.0 4,900 £ 900 9,000 + 2,000

AC<0.1-Br-PAMog, std 51 £04 3,800 + 600 7,000 £+ 1,000

ACo.1-0.5-Br-PAMog, sud 5.8 £0.6 3,300 + 700 6,000 = 1,000

AC<0.1-Br-PAMaok, ARGET 09+0.8 3,000 + 1,000 6,000 = 3,000

ACo.1-0.5-Br-PAM2ok, ARGET 0.5 £0.6 1,400 + 800 2,000 £ 2,000

Settling tests were conducted from a low dose of 1,000 ppm up to a higher dose of 15,000
ppm since this is known to affect the flocculation performance of a given polymer significantly.
The polymer dosage usually increases the flocculation efficiency of a specific polymer up to a
certain dosage wherein the flocculation is optimized. This occurs due to the partial coverage of
the suspended particle surface with the flocculant, leaving sufficient unoccupied area for the
adsorption of another polymer attached with other particles, hence facilitating bridging
flocculation.!® The particle surface becomes fully covered past this optimal polymer dosage,
decreasing flocculation performance. Flocculation applications ideally look for lower optimized

polymer dosages and a wider effective polymer dose range, indicating robustness.
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Figure 5.1 Initial settling rates (ISR) of flocculated 5 wt% MFT with aluminum sulphate (alum), polyacrylamide (PAM), and
polyacrylamide grafted from AC (AC-PAM)

The initial settling rate (ISR) 1s measured after shearing the diluted MFTs with the
flocculant. Higher initial settling rates indicate denser aggregate formation by a given
flocculant.'*® Treatment with only aluminum sulphate (alum) only achieves an ISR of 0.07 m/hr
due to the formation of less dense aggregates typical of a coagulation process (Figure 5.1).!%
Grafting the polyacrylamide from an AC substrate required a higher molecular weight polymer
brush (AC<o.1-Br-PAMa, std, Ma = 5,600 kg/mol) to flocculate at a lower polymer dose of 2,500
ppm. In contrast, free polyacrylamide achieved high ISRs at a wider effective polymer dose
range from 2,500 to 15,000 ppm with only a My of 1,900 kg/mol. The higher AC-PAM dose
required might be due to the localization of dense PAM brushes on single AC particles, whereas
free PAM could disperse in the suspension as single PAM brushes. Moreover, ACo.1-0.5-Cl-

PAMsy, Eron, Nact With lower molecular weight polymer brushes (My = 107 kg/mol) was unable to
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form dense aggregates only reaching an ISR of 1.0 + 0.5 m/hr. Even after 10 minutes, ACo.1-0.5-
CI-PAMsy, Eton, Nac1 Was the only flocculant that caused the least settling (Figure 5.2). This is
likely due to the polymer’s length being too short to be able to bridge suspended particles

together.

Figure 5.2 From left to right, 5 wt% MFT treated with 2,500 ppm Free PAM, 15,000 ppm ACo.1-0.5-C1-PAMsk, EtoH, Nac1, 2,500
ppm AC<0.1-Br-PAMook, std, 5,000 ppm ACo.1-0.5-Br-PAM2ok, std, 5,000 ppm AC<o.1-Br-PAMak, std, 5,000 ppm ACo.1-0.5-Br-PAMok,
std, 5,000 ppm AC<o.1-Br-PAM2ok, ArGET, 5,000 ppm ACo.1-0.5-Br-PAMaok, aAreT after 10 minutes of settling
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Figure 5.3 Capillary suction times (CST) of flocculated 5 wt% MFT with aluminum sulphate (alum), polyacrylamide (PAM),
and polyacrylamide grafted from AC (AC-PAM)
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The capillary suction time (CST) is taken immediately after shearing with the flocculant
to determine the filterability of water through the formed flocs—the inability to form flocs
results in a higher CST due to filtration resistance from suspended particles. In contrast, floc
formation releases water from the suspension, allowing water to be filtered, decreasing the CST.
Ideally, CST values are close to 8 seconds since this is the CST of deionized water. The addition
of high molecular weight PAM, either grafted or free, had no impact on their optimal polymer
dosage since all PAM and AC-PAM flocculants with molecular weights greater than 10° g/mol
had comparably similar optimal flocculant dosages of 2,500 — 15,000 ppm with CST values of
15 seconds or less, except for ACo.1-0.5-Cl1-PAMsk, Eion, Nact With a lower molecular weight PAM
brush, which was unable to achieve low CST values even at a high dosage of 15,000 ppm

(Figure 5.3).
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Figure 5.4 Supernatant turbidities of flocculated 5 wt% MFT with aluminum sulphate (alum), polyacrylamide (PAM), and
polyacrylamide grafted from AC (AC-PAM)

The supernatant turbidity measures the clarity of the leftover supernatant after the flocs

have settled for 24 hours. Higher supernatant turbidities indicate inefficient flocculation of

69



suspended particles in the diluted MFTs. All synthesized PAM and AC-PAM flocculants showed
improved supernatant turbidites than the diluted MFT treated with the coagulant, even at a low
dose of 1,000 ppm (Figure 5.4). Settling suspended particles after 24 hours using high molecular
weight polymers at less-than-optimal dosage indicates incomplete or partial bridging of particles;
hence, they cannot form heavy enough aggregates to reach higher initial settling rates. However,
low molecular weight flocculants incapable of bridging flocculation typically relies on a second
mechanism, depletion flocculation. The high concentration of low molecular weight AC-PAM at
a dose of 15,000 ppm could push particles closely enough that no polymer coils can fit,
generating enough osmotic force to release the water between particles and bring them
together.'*® Hence, low supernatant turbidities and capillary suction times are achieved even with

a prolonged initial settling rate.
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Figure 5.5 Solids contents of flocculated 5 wt% MFT with aluminum sulphate (alum), polyacrylamide (PAM), and
polyacrylamide grafted from AC (AC-PAM)

Solids content data is measured on the floc drained for 24 hours using a 1 mm sieve; hence,

only flocculants capable of forming flocs greater than 1 mm could be analyzed. AC-PAM
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required higher molecular weight PAM brushes near 5,600 g/mol to flocculate at a lower
polymer dose of 2,500 ppm, as shown by the performance of AC<o.1-Br-PAMooy, sid. Moreover,
adding hydrophobic AC as a substrate for PAM brushes improves the solids content of the
formed flocs. Free PAM increased the solids content of the dilute MFTs from 5 wt% to 19-22
wt%. On the other hand, high molecular weight brush AC-PAM increased the solids content to
22-51 wt%. This is more pronounced at higher doses of 10,000 and 15,000 ppm for AC<o.1 and 0.1-
0.5-Br-PAMax, sia where solids contents of 34-51 wt% was achieved due to their higher AC to

polymer content of 5.1-5.8 wt% (Figure 5.5).

Flocculation performance between AC particle sizes <0.1 mm and 0.1 — 0.5 mm only had a
significant difference in the solids content of their resulting floc. Specifically for AC<o.1 and 0.1-0.5-
Br-PAMay su, due to the higher AC content greater than 5 wt% with similar M, and My. The
smaller AC<o.1-Br-PAMay, std, achieved higher solids contents of 29 — 51 wt% while the bigger
ACo.1-05-Br-PAMyy s, only reached 23 — 44 wt% at doses 5,000 — 15,000 ppm. The smaller AC
particle size could have dispersed better into the tailing solution to prepare denser flocs and
achieve better dewatering, hence, a higher solids content. Because of this, research on increasing
the hydrodynamic radius of the flocculant to achieve better flocculation performance should
focus on increasing the hydrodynamic volume of the PAM and not the particle size of the

grafting substrate.'>>

5.4. Conclusions

This chapter examined the flocculation performance of PAM and AC-PAM with a number
average molecular weight (M) range of 10°-10° g/mol and AC content up to 5 wt% by
conducting settling tests. The study found that the effective polymer dosage range of PAM was

2,500 — 15,000 ppm, producing an initial settling rate of 90 — 450 m/hr, a capillary suction time
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of 8 — 18 s, supernatant turbidity of 5 — 20 NTU, and solids content of 25 — 26 wt%. On the other
hand, AC-PAM with a polymer brush Mn greater than 106 required a higher polymer dosage
range of 5,000 — 15,000 ppm, while AC-PAM with a polymer brush Mn 105 g/mol required at
least 15,000 ppm. The study also found that higher molecular weight polymer brushes, Mn =
4,900 and 5,600 g/mol, had faster-settling rates of 180 — 410 m/hr due to denser aggregate
formed by being able to bridge more particles together using longer polymer chains. AC-PAM
with lower molecular weight polymer brushes, Mn = 107 kg/mol, only reached an initial settling
rate of 1 m/hr due to its inability to bridge particles. Instead, these are likely undergoing
depletion flocculation, as shown by the low supernatant turbidity after settling for 24 hours.
Finally, the study found that AC-PAM achieved higher solids contents in the effective polymer
dose range as the AC content increased, reaching 29 — 51 wt% using AC-PAM with 5.1 wt%
AC. This finding underscores the significant role of AC content in influencing AC-PAM
performance in flocculation processes, with the improved solids content hypothesized to occur

due to the addition of a hydrophobic AC core when PAM is grafted from the surface of AC.
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6. Conclusions

6.1. General Conclusions

This work showcased the successful grafting of polyacrylamide (PAM) from the surface of
activated carbon (AC) by surface-initiated atom transfer radical polymerization (SI-ATRP). Prior
to the grafting from the surface of AC, the aqueous ATRP of PAM was first evaluated to achieve
higher molecular weights with good dispersity and monomer conversions. Various ATRP
parameters were explored, including testing activators regenerated by electron transfer (ARGET)
ATRP using either a single injection or a slow feeding of the reducing agent, halide salts,
cosolvent addition, and different catalyst complexes. The molecular weights and dispersities
were determined by SEC, and Raman Spectroscopy determined the monomer conversion. Three
different molecular weights, 100, 700, and 1900 kg/mol, with molecular weight dispersities 1.4-
1.7, via aqueous ATRP were achieved. Lower molecular weights of 100 kg/mol with low
molecular weight dispersities were attained using ethanol as a cosolvent, additional halide salt,
an alkyl chloride initiator, and CuCl/MesTREN catalyst (Run K). Ultra-high molecular weight
PAM with higher molecular weights of 700 and 1,900 kg/mol were attained via standard and
ARGET ATRP using MesTREN as a ligand and an alkyl bromide initiator (Run N and O). These
conditions were then used to graft PAM from the surface of AC with varying AC contents and
particle sizes. Both FTIR and XPS of AC-PAM contained numerous peaks corresponding to the
functional groups present in PAM. Both standard and ARGET SI-ATRP synthesized high
molecular weight PAM brushes with M, greater than 10° g/mol by SEC from <0.1 mm and 0.1 —
0.5 mm AC particle diameters. The standard SI-ATRP had less control over the polymerization,

only reaching 5 and 7% mass recovery, but achieved higher experimental My of 4,900 and 5,600
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kg/mol. ARGET SI-ATRP provided better control, achieving higher mass recoveries of 22 and

37 wt%, with M, of 3,000 and 1,400 kg/mol at the same high DP of 20,000.

Conducting settling tests on 5 wt% mature fine tailings (MFT) compared the flocculation
performance of the synthesized AC-PAMs with different molecular weight brushes, AC
contents, and AC particle sizes. Against free polyacrylamide (PAM) with M, around 10° kg/mol,
its effective polymer dose range was wider, reaching 2,500 — 15,000 ppm, producing an initial
settling rate of 90 — 450 m/hr, a capillary suction time of 8 — 18 s, supernatant turbidity of 5 — 20
NTU, and solids content of 25 — 26 wt%. AC-PAM with a polymer brush Mn greater than 10°
requires a higher polymer dosage range of 5,000 — 15,000 ppm, while AC-PAM with a polymer
brush My of 10° g/mol requires at least 15,000 ppm. Among AC-PAMs, those with higher
molecular weight polymer brushes, with M, = 4,900 and 5,600 g/mol, have faster-settling rates
of 180 — 410 m/hr due to the formation of denser aggregates from being able to bridge more
particles together using longer polymer chains. AC-PAM with lower molecular weight polymer
brushes, Mn = 105 kg/mol, only reached an initial settling rate of 1 m/hr due to its inability to
bridge particles. Instead, these are likely undergoing depletion flocculation, as indicated by the
low supernatant turbidity after settling for 24 hours. Finally, AC-PAM achieved higher solids
contents in the effective polymer dose range as the AC content increased, reaching 29 — 51 wt%
using AC-PAM with 5.1 wt% AC. The improved solids content is hypothesized to occur due to

the addition of a hydrophobic AC core when PAM is grafted from the surface of AC.

6.2. Future Work

1. Evaluation of the flocculation performance of high molecular weight AC-PAM for
treating full-weight MFT (27-35 wt%). This current work only investigated the

flocculation performance using Swt% MFT. However, the flocculation performance
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of full-weight MFT should be investigated for this material's practical use in the
existing MFT inventory. This will require flocculation tests outside the established
settling tests in this work.

. Determine if the grafting of AC improves the polymer's leaching into the released
water. This could be done by overdosing the tailings with an AC-PAM flocculant and
measuring the leached polymer from the released water using HPLC-RID or HPLC-
UVv.

. Determine if adding AC improves the quality of the released water from flocculation.
This could be examined by measuring the total organic carbon content and
concentration of metals in the released water after flocculation.

. Explore different grafting densities of polyacrylamide brushes from the surface of AC
to change the AC content in AC-PAM and evaluate any change in the surface
morphology of the grafted PAM. This could be performed by changing the alkyl
halide concentrations during their attachment and performing SI-ATRP on them.
Additionally, their flocculation performance could be evaluated.

. Explore the grafting of polyacrylamide copolymers from the surface of AC utilizing
SI-ATRP to flocculate mature fine tailings. An example would be synthesizing ionic
polyacrylamide with either a quaternary ammonium-containing monomer or acrylic
acid and hydrolyzing it to obtain a hydroxide-containing copolymer. A modified SI-

ATRP method should be developed to accommodate a new copolymer.
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6.3. Contributions to Science

6.3.1. Publications and Patents

e A patent for the synthesis of high molecular weight AC-PAM by SI-ATRP for
flocculation applications has been submitted

e A manuscript for synthesizing, characterizing, and evaluating different molecular weights
and AC contents of AC-PAM by SI-ATRP for flocculating mature fine tailings is

currently being prepared.

6.3.2. Conferences

e Oral presentation at the CSC 2023 in Vancouver, Canada in June 2023

e Oral presentation at the 8™ annual International Institute for Environmental Studies (IIES)
Science & Policy Workshop and Graduate Student Forum in Chile in December 2023

e Oral presentation at the IUPAC-MACRO 2024 — 50" World Polymer Congress in

England in July 2024
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Supplementary Figures
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Figure S0.1 FTIR spectra of oxidized AC (AC<0.1-OH), bromine initiator grafted AC (AC<o.1-Br), polyacrylamide grafted from
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Figure S0.2 High resolution C 1s scans of activated carbon (AC<o.1), oxidized AC (AC<o.1-OH), bromine initiator grafted AC
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