Polymer Treatment of Oil Sands Tailings: Experimental
and Modeling Investigations

by

Vahid Vajihinejad

A thesis submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy

n

Chemical Engineering

Department of Chemical and Materials Engineering
University of Alberta

(© Vahid Vajihinejad, 2020



Abstract

Near 10° m? tailings have been released to the environment as the result of
oil sands mining operations in Canada. These fluid fine tailings are alka-
line slurries of water, clays, and residual bitumen that after 3 to 5 years of
gradual sedimentation form a thick mud-like slurry (30-40% by weight solid)
called mature fine tailing (MFT). MFT clays do not settle by gravity even after
decades. Polymer flocculants are used to dewater tailings by aggregating these
micron-sized particles. Typical flocculants are high molecular weight anionic
polyacrylamides, A-poly(AAm). A-poly(AAm) can capture micron-sized clay
particles in aggregates having characteristic dimensions up to several hundred
micrometers. However, residual bitumen and process water ions in oil sands
tailings affect the interactions between this flocculant and clays, and reduce
the flocculant performance. Calcium ions are often used in combination with
A-poly(AAm) to reduce the charge density of the MFT clays. This com-
bination forms aggregates that settle fast and generates a reasonably clean
supernatant, but it also produces a gel-like sediment that is hard to dewater
to the required solids content levels. Copolymers of acrylamide and partially
hydrophobic or cationic comonomers have also been used to treat MF'T, some
with promising dewatering performance. However, what is missing in the field
of oil sand tailings treatment is a more fundamental understanding on how the
microstructure of the polymer flocculant affects its flocculation and dewater-
ing performance. In this thesis, a combination of polymer reaction engineering
tools and design of experiments were used to synthesize polymer flocculants

to investigate the impact of flocculant microstructure in dewatering MFT.
The results of this thesis comprise three studies:
1- Synthesis of acrylamide and diallyl dimethyl ammonium chloride (DAD-
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MAC) copolymer flocculants with different properties. The results showed
that the dewatering capacity of aggregates, as measured by capillary suction
time (CST) and specific resistance to filtration (SRF), was not a strong func-
tion of molecular weight of the copolymers, but was substantially influenced by
their chemical composition. The settling rate of the aggregates and the clarity
of the supernatant, on the other hand, depended on both average molecu-
lar weight and chemical composition of the copolymer flocculant. A similar
cationic copolymer was also used to examine the effect of its chemical com-
position distribution (CCD) on MFT dewatering. The results showed that
the performance of flocculants with narrow and broad CCD is dependent on
copolymer dosage: at low dosages, polymers with broad CCD form larger ag-
gregates that settle faster and dewater more quickly, while at higher dosages
a shift in performance was observed, where polymers with narrow CCD pro-

duced larger aggregates.

2- Synthesis of a novel homopolymer flocculant that met the required met-
rics of tailings dewatering and to address the challenges associated with the
production of copolymer flocculants. The high molecular weight cationic ho-
mopolymer of (vinylbenzyl) trimethylammonium chloride, poly(VBTMAC)
showed excellent performance in dewatering of high solids MFT as measured
by filtration tests. The modes of flocculation of poly(VBTMAC) were found
to be a combination of charge neutralization and bridging, strongly influenced
by chain relaxation on the surface of particles. We also tested the ultimate
potential of poly(VBTMAC) in dewatering undiluted MEFT. Poly(VBTMAC)
showed to be a superior flocculant compared to the industry standard, high
molecular weight A-poly(AAm), consistently producing more compact aggre-
gate network with improved dewatering rate and sediments of higher shear

strength.

3- To further investigate the flocculation and kinetics of MFT aggregate forma-

tion by poly(VBTMAC), population balance models were developed using ex-
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perimental data obtained by focused beam reflectance measurement (FBRM)
to describe the flocculation kinetics and predict the MFT aggregate sizes ob-
tained in different conditions. A time-varying function was defined to account
for the aggregate size evolution trends observed during flocculation. The valid-
ity of the model was tested by varying shear rates, mixing time, and polymer
dosage using FBRM measurements. The proposed model is the first of its
kind towards a more rational and quantitative approach to control treatment

processes for oil sands tailings.
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Chapter 1

Introduction

1.1 Motivation

With a production rate of about 3 million barrels of bitumen per day, oil sands
reserves are vital to the Canadian economy. Surface mining has been a prac-
tice for decades, where the bitumen is extracted using a large amount of warm
water (estimated to be about 3 barrel of fresh water per each barrel of bitumen
produced).[1] Figure 1.1 shows a diagram of the surface mining extraction of
bitumen. Oil sands lumps and rocks are crushed and mixed with warm wa-
ter, air, and caustics. The slurry is sent to the extraction plant and goes
to the gravity separation vessels. Flotation cells are used to further liberate
and separate the bitumen from sand grains. The aerated bituminous mixture
formed on top of the gravity vessel, called froth, normally contains about 60%
by weight bitumen, 30% water, and 10% solids. The bottom stream, mostly
composed of solids and water, is called tailings and is pumped to tailing ponds.
The bitumen froth is further treated with organic solvents to remove water and
residual solids from the bitumen, before it can be sent to upgrading plants.
Currently, an area in Alberta larger than 1.5 times the size of city of Vancou-
ver has been contaminated with tailings ponds, posing serious environmental

challenges to the area.|2]
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Figure 1.1: A brief diagram of oil sands extraction unit operations.|[3]

In the ponds, coarser solids (sands) quickly settle and are used to build con-
tainment dikes. The remaining top portion of the pond is called fluid fine
tailings (containing mineral particles with characteristic dimensions below 44
pm). They remain in the slurry for about 2-5 years of gradual sedimentation,
and eventually form a mud-like slurry (30-40% solids by weight) called mature
fine tailings (MFT). The overall volume of MFT generated is approximately

1.5 times the volume of the bitumen extracted from oil sands.|2]

A typical MFT is a thick slurry of fine mineral particles (mostly clays), water
(60-70%), and residual bitumen (2-5%). Kaolinite and interlayered kaolinite-
smectite (35% by weight, 10-20 m%.g~1), illite and interlayered illite-smectite
(60-65%, 65-100 m?.g71), as well as swelling clays (montmorillonite, 1-2%,
700-840 m?.g~!) form the MFT solids.[4, 5] Due to the use of caustic in the
extraction process, MFT water has an alkaline pH (typical about 8). Be-

cause the clays are very small and carry charges (mostly negative) on their

2



surfaces, they constantly repel each other, inhibiting Brownian agglomeration

and making it difficult for settling to take place.

Different treatment processes are used to dewater tailings. All of them use
chemical additives. The role of these additives, either coagulants such as
gypsum, and/or flocculants such as polyacrylamides, is to destabilize the clay
dispersion by either changing their surface charges or bridging their particles,
allowing gravity to separate the solids from the water. After MFT is treated
with these additives, different processes are used to separate the solids and to
thicken the tailings: thin lift, rim ditching, consolidated/composite tailings,
filtration, and centrifugation. In thin lift drying, for example, the treated MF'T
is spread over a small slope to facilitate dewatering. The process is inexpensive
but needs large areas of land. On the other hand, relatively more expensive
processes such as centrifugation or filtration occupy much less space and are

effective in dewatering tailings in a shorter period of time.

Most flocculants used in tailings treatment are anionic copolymers of acry-
lamide, mostly in form of poly(acrylamide-co-acrylic acid), poly(AAm-co-
AAc). This copolymer works well to flocculate low solids suspensions, as those
present in mineral processing thickeners, because the long, extended polyacry-
lamide chains bridge the small clay particles into large aggregates. Larger
aggregates are preferable because they increase the separation efficiency while
reducing size of the thickeners.[6] There have been many challenges, however,

when conventional anionic polyacrylamides are used to treat oil sands tailings:

i) MFT is a high-solids slurry with a gel like texture due to the presence
of swelling clays. Conventional flocculants have extremely high molecular
weights, making it difficult to disperse them uniformly in the tailings stream,
thus lowering the collision efficiency of the clay /polymer particles and creating

localized overdosed regions.

it) Conventional flocculants produce gel-like sediments that are hard to de-
water, and unless a coagulant is added together with the polymer, they leave
behind a dirty supernatant (low fine capturing capacity). To complicate things

further, the accumulation of divalent cations (a typical coagulant) over time in

3



the recycle water will decrease bitumen extraction efficiency. To mitigate these
challenges, researchers have used polymer flocculants with novel chemistries,
either alone or in combinations. For instance, cationic copolymer flocculants,
cationic/anionic copolymers combinations (dual treatment),[7, 8, 9] or par-
tially hydrophobic polymers chemistry,[10, 11], stimuli-responsive,[12, 13] and
natural-based polymers[14, 15] have all been attempted as alternatives to poly-
acrylamide flocculants. All of these flocculants have shown promising results.
However, we lack a systematic understanding of how the polymer flocculant
microstructure impacts tailings treatment and specific dewatering metrics. We
also need to quantify the flocculation process in tailings to be able to open

paths towards a robust control of treatment processes in oil sands operations.

1.2 Research Objectives

This PhD thesis comprised three main themes:

i) Systematic investigation of relationships between polymer flocculant mi-

crostructure and MFT dewatering performance.

i1) Synthesis of novel water soluble polymers to replace existing conventional

flocculants.

iii) Develop a mathematical model to quantify the flocculation of oil sands

tailings.
The specific objectives of this thesis were:

i) Study the relationship between polymer microstructure (average molecular
weight and chemical composition) of cationic water-soluble polymers in the

flocculation and dewatering of MF'T.

i1) Study the effect of composition drift in batch free radical polymerization

on the performance of water-soluble copolymers in the flocculation and dewa-
tering of MFT.

i11) Study the performance and model the flocculation kinetics of a novel par-

tially hydrophobic cationic flocculant, poly(VBTMAC), in the dewatering of
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MFT.

1.3 Thesis Outline

This thesis has 6 chapters and is written in manuscript-based format.

Chapter 1 (this chapter) discusses the challenges associated with the treat-
ment of oil sands tailings, motivations behind this work, and outlines the
objectives of this thesis. Chapter 2 discusses the fundamentals related to
water soluble polymer flocculants, flocculation and dewatering of tailings, and
provides a review of the pertinent literature. This chapter has been partially
published in V. Vajihinejad, S. Gumfekar, B. Bazoubandi, Z. Rostami, J. B. P.
Soares, Water Soluble Polymer Flocculants: Synthesis, Characterization, and
Performance Assessment, Macromolecular Materials and Engineering 2019,
304, 1800528.

Chapter 3 contains the results of a study on the flocculation and dewatering
of oil sands tailings with polymers having different microstructures, specif-
ically discussing the effect of average molecular weight and average chemi-
cal composition, as well as chemical composition distribution. The polymers
were cationic copolymers of acrylamide, and the performance metrics were
settling rate, turbidity of supernatant, solids content, capillary suction time
of the aggregates, and aggregate sizes as measured by FBRM. Part of this
chapter has been published in V. Vajihinejad, R. Guillermo, J. B. P. Soares,
Dewatering Oil Sands Mature Fine Tailings (MFTs) with Poly(acrylamide-
co-diallyldimethylammonium chloride): Effect of Average Molecular Weight
and Copolymer Composition, Industrial & Engineering Chemistry Research
2017, 56, 1256-1266. Another part of this chapter has been submitted for
publication as V. Vajihinejad, D. Dixon, M. da Silva, J. B. P. Soares, Effect
of Polymer Chemical Composition Distribution on Flocculation: The Case of
Composition Drift in Batch Reactors”. These results were also presented in V.
Vajihinejad, J. B. P. Soares, Impact of Polymer Microstructure on Floccula-
tion and Dewatering: The Case of the Canadian Oil Sands Tailings, ACS Fuall
2019 National Meeting € Ezpo, San Diego, CA, USA, August 25-29, 2019.
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Chapter 4 introduces a novel cationic homopolymer, poly(vinylbenzyl trimethy-
lammonium chloride), poly(VBTMAC), capable of enhancing flocculation and
dewatering properties of MFT compared to conventional flocculants. In this
chapter, we investigated the modes of flocculation using poly(VBTMAC) and
compared its performance to the industrial standard flocculant, a commer-
cially available anionic polyacrylamide, towards dewatering undiluted MFT
using filtration. This chapter has been submitted for publication as V. Va-
jihinejad, S. Gumfekar, J. B. P. Soares, Enhanced Dewatering of Oil Sands
Tailings by a Novel Water-Soluble Cationic Polymer, Environmental Science
Water Research & Technology.

Chapter 5 introduces a mathematical model for the mechanisms and kinetics
of MFT flocculation with poly(VBTMAC) that quantifies the laboratory-scale
flocculation of MFT under different conditions. This chapter has been pub-
lished in V. Vajihinejad, J. B. P. Soares, Monitoring Polymer Flocculation in
Oil Sands Tailings: A Population Balance Model Approach, Chemical Engi-
neering Journal 2018, 346, 447-457.

Chapter 5 summarizes the investigations carried out in this thesis and rec-

ommendations for future research work.

Appendix A discusses an unconventional approach to use oil sands tailings in
the production of polyurethane foam composites. This appendix has been pub-
lished in V. Vajihinejad, J. B. P. Soares, Can We Make Better Polyurethane
Composite Foams with Oil Sands Mature Fine Tailing?, Macromolecular Ma-
terials and Engineering, 2016, vol. 301, pp 383-389.

Appendix B discusses polymer flocculants based on hydrophobically-modified
copolymers of acrylamide. This appendix has been published in R. Hripko, V.
Vajihinejad, J. B. P. Soares, Enhanced Flocculation of Oil Sands Mature Fine
Tailings using Hydrophobically Modified Polyacrylamide Copolymers, Global
Challenges 2018, 2, 1700135.

Appendix C shows a mathematical model for free radical copolymerization
in a batch industrial reactor, and explains how the polymer microstructure

of industrial flocculant such as anionic polyacrylamides vary as a function of
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monomer/comonomer conversion.

Finally, Appendix D contains statistical analyses in dewatering design of
experiments, NMR spectra of the polymers used in this study and calculations

used to estimate monomer conversions and copolymer compositions.



Chapter 2

Background and Literature

Review

2.1 Qil Sands Tailings Composition and Col-
loidal Stability

Oil sands tailings are waste streams of the oil sands extraction process. To
extract bitumen form oil sands, water is mixed with oil sands ore. Typically,
2 m? of water is needed to produce one barrel of bitumen from 2 tons of oil
sands ore.[16] In terms of mineral size, tailings are traditionally divided into
coarse tailings (sands, larger than 44 pm), and fine tailings (fines, smaller
than 44 pm). The 44 pm is not a magic number, just the opening size of
the smallest sieve traditionally used to fractionate oil sands samples.[17] Fines
with characteristic dimension lower than 2 pum are made of clay particles.
Some investigations have found that the 2 pm limit is a better cut off value to

explain properties of tailings streams.[5, 18]

In fresh tailings, the coarser sands rapidly separate from the stream and are
used to build containment dikes to store tailings and recycled water. Given
sufficient time, the solids settle and release a small portion of water, which

is then recycled to the extraction process. The remaining slurry, containing
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about 15% solids, is called fluid fine tailings (FFT). After approximately 2 to
5 years of gradual sedimentation, the FFT loses more water until it becomes
a thick slurry called mature fine tailings (MFT). MFT still contains about
65-70% by weight of water, some (1-3%) residual bitumen, and traces of or-
ganic solvents. MFT is the plateau state for tailings dewatering, after which
no further significant consolidation occurs even after decades. The cause for
the water retention in MFT is not clear yet. The organic model proposed
by Scott and Susseault,[19] suggests that bitumen along with water soluble
organic surfactants and asphaltenic compounds (from oil sands), attached to
the surface of clays, could bring small clays together and restrict the water
pathways through the small agglomerates (Figure 2.1). The mineral model,
contrarily, suggests that the presence of ultrafine clays (below 0.1 pum) and
surface charges are responsible for the colloidal stability of MET.[5] It seems
that both the mineral and organic models contribute to water retention in
MEFT.

bitumen globule

,<o<? °

(a) Bitumen adsorbed on patrticle surfaces (b) Particle agglomeration

constricted
path for
water
movement

Figure 2.1: Water retention in MFT due to presence of bitumen and soluble organic
surfactants (organic model).[5]

Most solids in MFT are fines below 2 um. They are a mixture of clay minerals
containing kaolinite and interlayered kaolinite-smectite (35% by weight, 10-20
m?.g~1), illite and interlayered illite-smectite (60-65%, 65-100 m?.g™!), as well
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as swelling clays (such as montmorillonite, 1-2%, 700-840 m%.g~!) form the
solids of MFT.[4, 5]

Figure 2.2 shows the mineral structure of some clays. Kaolinite is a non-
swelling clay with a two-layer building block, a tetrahedral (T) sheet of silica
(SiO3) and an octahedral (O) sheet of aluminum-oxygen hydroxide (AIOOH).
Hydrogen bonds between the —OH groups of O-sheet and —O groups of T-
sheet hold the building blocks together. The charge on the T-sheet (base)
is permanently negative because of the isomorphic substitution of Si*t by
AP .[20] The charge on the O-sheet (edge), however, depends on pH. Both
surfaces and edges of kaolinite in the pH range found with MFT (approximately
8) are negatively charged. Illite is another non-swelling clay that is present
in MFT. Its building blocks are composed of three layers, where the O-sheet
is sandwiched between the two T-sheets. The compensating ions, such as K
and Na™, sit on the T-sheet to electrically balance the isomorphic substitution
on the basal plane. The compensating ions are hold tight by the six oxygen
atoms on the T-sheets, binding the building blocks tightly together and not

allowing for significant ion exchange capacity in illite (non-swelling) [21, 22].

A representative of swelling clays is montmorillonite. Montmorillonite is a 3-
layered clay similar to illite, but because the degree of isomorphic substitution
is large and happens in both T- and O-sheets, the compensating ions on the O-
sheet are delocalized (they cannot sit tight near the O-sheet anymore), allowing
the clay layers to swell by the penetration of water. The presence of swelling
clays in MFT makes the slurry more viscous, and is problematic in bitumen
extraction units, and in the treatment and handling of the tailings. Table 2.1

summarizes the characteristics of clays found in oil sands.

The water retained in tailings contains inorganic ions such as Nat, K+, Ca?*
and Mg?". Tons in tailings come from connate water (water trapped inside
the pores of the oil sands ore), the chemicals additives added to the bitumen
extraction process, and HCO3 ~ resulting from absorption of atmospheric CO,
[4]. Because of caustic chemicals, such as NaOH added to the extraction
process, tailings water has a basic pH of about 8, and that further impedes

solids dewatering due to the formation of negative surface charges on clays.
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Figure 2.2: Mineral structure of (a) kaolinite and (b) illite.[22]

Table 2.1: Characteristics of clays found in oil sands ore.[21]

Clay type Kaolinite Illite Montmorillonite Chlorite

Abundance (wt%) 69 28 0.3 1
Structure type 2-layer 3-layer 3-layer 3-layer
Isomorphic substitution Lowin T Highin T T and O T and O
Compensating ions K* K* Nat, Ca?**  Mg(OH)(O)

Specific surface area (m%g™1) 10-20 65-100 700-840 42
Cation exchange capacity (meq/100g) 3-5 10-40 80-150 10-40

2.2 Flocculation and Coagulation: An Overview

Chemicals are used to break apart the colloidal stability of suspension such

as MF'T and aggregate small particles to sizes large enough so they can settle
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by gravity in an acceptable period of time. Aggregation can happen through
bridging small particles together with the help of polymer flocculants (floc-
culation) or by charge manipulation of particle surfaces through the addition
of small molecules (coagulation). An example of aggregation by coagulation
is the addition of gypsum (CaSO,.2H,0) to tailings. The coagulant (Ca*"
in the case of gypsum) suppress the electrical double layer on the surfaces
of the particles and let them aggregate through van der Waals forces upon
contact.[23]

Due to the basic pH of tailings water, the clay particles carry negative charges
on their surfaces. Cations are attracted to the negatively charged surfaces,
forming an electrical double layer (Figure 2.3). The concentration of positive
ions adjacent to the particle surface is at maximum while it drops through a
diffusion layer to the bulk of the liquid.

Electrical double layer

r—

Stern layer Diffuse layer

-100
Surface potential

mV Stern potential

Zeta potential

Distance from the particle surface

Figure 2.3: Scheme of electric double layer around a particles with negative surface
charges.[24]
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The size of the electric double layer around a particle is related to a parameter
called Debye length (Equation (2.1)) [21].

2 1/2

_(_° 20
K= (EkBT > ZCiNy) (2.1)

i

where C'; is molar concentration of ions of type ¢, T' is temperature, e is the
charge of an electron, z; is the valency number of ions of type ¢, and ¢, kg
and N 4 are medium permittivity, Boltzmann constant and Avogadro’s num-
ber, respectively. The thickness of electric double layer is proportional to the
reciprocal of the Debye length, x~1. According to Equation (2.1), increasing
the ionic concentration (for instance, by adding coagulants to the system),
decreases the thickness of the electric double layer, making the particles more

likely to aggregate upon collision.

When two particles collide in a suspension, the interplay between electri-
cal double layer (repulsive) and van der Waals (attractive) forces determines
whether the particles attach together (aggregation) or not. Fuchs defined a
parameter that estimates the probability of aggregation upon collision if it
happens primarily due to Brownian motion (no shear mixing). The Fuchs’s
stability ration (W) for two colloidal particles of radius r; and r; is defined
as[25, 26|

< exp(Vr/kgT)

52

Wij = (ri +7“j)/

i+

ds (2.2)

where s is the distance between the centers of the particles, and V1 is the total
energy of interaction between the two particles. According to the DLVO the-
ory, Vi is the sum of van der Waals and electrostatic (double layer) energies.
The probability of aggregation due to Brownian motion will be proportional

to the reciprocal of the Fuchs’ stability ratio.

In the case of aggregation by polymers, the adsorbed polymer chains can ex-
tend their length from the surface of one particle across, the electrical double

layer, and then adsorb to the surface of other particles. Because of the for-
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mation of multiple loops and tails on the surface of particles (Figure 2.4),

polymer chains can promote the aggregation of more than two particles to-

gether through a mechanism called bridging flocculation.

[ /\\j
<

Inactive for bridging
(chain is too short)

Figure 2.4: Bridging flocculation by polymers. Small chains and those that have
flatten on the surface before the contact was made, will lose the chance of bridg-
ing.[27]

Polymer adsorption happens via multiple mechanisms, including hydrogen
bonding (polyacrylamide on silica silanol groups), electrostatic interactions
(cationic polymers on negatively charged sludge), hydrophobic interactions
(poly(vinylalcohol) on silver iodide), and ion bridging (anionic polyacrylamide

on negatively charged clays with the help of divalent calcium ions).[28]

Most flocculants used in densifying mineral tailings or dewatering oil sands
tailings are copolymers of acrylamide and acrylic acid. Figure 2.5 illustrates
the adsorption of anionic polyacrylamide on oil sands clays. This process
seems counter-intuitive, at the first glance, because both polymer and clays are
negatively charged. Such combination, however, has important implications:
i) charged polymers are generally more extended in solution than neutral
polymers. In addition, the polymer chains and clay surfaces repel each other,
further extending the loops and tails of the adsorbed polymer away from the

clay surface and allowing them contact other particles even at lower polymer
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dosage. i) most of adsorption sites are on the edge of the clays (where the
most neutral sites exist)[29, 30]. These contribute to the formation of large and
porous aggregates with less compact structure compared to cationic polymers
[23]. In high solids suspensions containing fine clay particles, such as in MFT,
this flocculation mechanism creates large, weak, and gel-like aggregates that

are hard to dewater.

The anionic polymer flocculants are often added with a coagulant. The role of
adding a coagulant such as Ca?t or a low molecular weight cationic polymer
prior to the addition of the polymer flocculant are twofold: ) The coagulant
compresses the double layer charges and cause some pre-aggregation of the
particles in suspension (reducing the required amount of flocculant), and )
The coagulant also creates cation-bridges that allow the negatively-charged

polymer to adsorb on the clay surface (Figure 2.5).

Aggregation by coagulation through addition of salts and aggregation by floc-
culation through addition of high molecular weight polymers differ in some

characteristic ways :

i) Because polymer chains form multiple points of contacts with the solid sur-
face, they often form stronger aggregates.

i1) Since the main mechanism in coagulation is charge-neutralization, the
breakage of aggregates is reversible. In flocculation, however, the breakage is
generally irreversible. The irreversible breakage of aggregates in shear-induced
flocculation is likely due to either polymer chain rupture (carbon chain scis-
sion)[31, 32, 33, 34| or relaxation (reconformation) of the polymer chains on
the particle surfaces.[35, 36, 37]

A minimum amount of polymer needs to adsorb on the particle surface before
bridging flocculation may takes place. The free adsorption energy of polymer
chains on surfaces is relatively small in the order of 0.3 k5T per segment; thus,
we may assume the rate of polymer adsorption equals the rate of polymer loss
from the solution. If the number density of particles in suspension is ns (m=3),
and n, is the number density of polymer chains in the suspension, then the

rate of polymer loss from the suspension (= rate of polymer adsorption) is[28]
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Figure 2.5: Adsorption of anionic polyacrylamide on oil sands clay.

dn
— d_tp = Kadsnpns (2.3)
where k.4, is adsorption rate constant. If ¢ is the fraction of polymer chains
needed to adsorb onto the surface of particles for the flocculation to begin,

then solving Equation (2.3) gives the characteristic adsorption time as

_ln(l — 1)

kadsns

(2.4)

Tads =

In addition to polymer-particle collision (adsorption), particle-particle colli-
sion (aggregation) also takes place during flocculation. Similar to 7,45, the

characteristic aggregation time, 7,44, or the time it takes for the number of
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particles to be reduced by half, may be estimated as[38§|

2
Tagy = T (2.5)

ijTs

where k;; is the collision rate coefficient between particles ¢ and j. Depending

on the hydrodynamic regime of flocculation, k;; may be expressed as[27]

_ 2kpT (d; + d;)?

ki Perkinetic aggregation (Brownian diffusion)  (2.6)

1
ki; = EG(di + d;)* Orthokinetic aggregation (fluid shear) (2.7)

where d; and d; are the diameters of particles ¢ and j, and G is the shear rate

or fluid velocity gradient. In the case of particle-polymer collision, k;; = Kq4s.

As an example, consider a suspension of 1 wt% negatively-charged monodis-
perse clay particles (p = 2.65 gecm™3) of characteristic size 2 um that suspended
in water containing 1 mM NaCl and 1 mM CaCl,. The following conclusions

can be deduced from this example:|[27]

i) The electric double layer, estimated using Equation (2.3), is 13.6 nm. For
bridging flocculation to take place, the minimum size of the adsorbed polymer
chains in solution must be at least twice the size of the electrical double layer.
The average size of neutral polymer chains in a theta solvent is estimated to
be about 0.06 MW'/2 where MW is the molecular weight of the polymer [39,
28]. Thus, the minimum average molecular weight of a polymer to give access
to bridging flocculation is about MW = 200 000.

i1) Table 2.2 compares the characteristic adsorption and aggregation times
when a non-ionic polyacrylamide with MW= 2 x 10° is used for the flocculation
of this suspension at room temperature considering two kinetic mechanisms,
and assuming ¢ = 0.7. As the calculation results suggest, adsorption in the
diffusion mode happens long before the particles aggregate, while in the shear

mode the adsorption time is the limiting factor in the flocculation process. In
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reality, not every collision between particles leads to aggregation, thus adsorp-
tion (especially in dilute suspensions such as the case of wastewater treatment)
strongly influence the onset and kinetics of flocculation. For concentrated sus-
pensions (more than 10 wt%) such as in oil sands tailings, Equations (2.4) and
(2.5) do not work well, because mass transfer (and dispersion) effects could
substantially influence both aggregation and the adsorption dynamics [27].

Table 2.2: Relative times of adsorption and aggregation as happened in diffusion
and shear flow regimes (ds = 2um, d, = 0.84um)

Tads(5) Tagg(s)

Diffusion 19 202
Shear (G=100 s™!) 9 2.1

2.3 Polymer Flocculation in Oil Sands Tail-
ings

This section reviews the recent literature on the use of polymers for the treat-
ment of oil sands tailings. The focus of the discussion will be on the various
chemistries and microstructure of polymer flocculants used to enhance dewa-

tering of oil sands tailings and model tailings.

2.3.1 Stimuli-Responsive Polymers

Stimuli-responsive flocculants are polymers that change their conformation
and reverse their solubility when the right stimulus is applied. The stimuli
can be temperature, pH, electromagnetic field, ionic strength, redox species,
and even light intensity. Among them, thermo-responsive polymers have been
tested extensively for solid-liquid separation.[40, 27] Poly(N-isopropylacrylamide),
poly(NIPAM), is a common temperature-responsive flocculant, with a lower
critical solution temperature (LCST) of about 32 °C. Above this tempera-

ture, the polymer is no longer soluble in water: it undergoes a coil-to-globule
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transition which causes its coils to decrease by one-third of their original size
[41]. Figure 7?7 shows the phase transition diagram associated with CST.
The phase transition around the LCST is mainly driven by hydrophobic in-
teractions, among isopropyl groups, and by the weakening of hydrogen bonds
between polymer chains and water molecules, which favors the formation of
intra-chain interactions below the LCST.[42, 43, 44, 41] Tt is worth to note that
LCST is the minimum transition temperature in the phase transition diagram
that happens at a unique concentration for a given system of polymer and
solvent. Any other points on the phase transition diagram curve (at different
polymer concentrations) are known as cloud points.[45] In flocculation exper-
iments cloud points are often confused LCST, and readers should be aware of

this distinction.
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Figure 2.6: Phase transition diagram associated with LCST[46]

Franks showed that switch between attractive and repulsive forces between
polymer chains around the cloud point could enhance secondary flocculation by
driving water out of the sediment. He added temperature-responsive methyl-
cellulose to a stable suspension of positively-charged zircon particles at room
temperature (the LCST of methylcellulose is around 50 °)C. The adsorption of
polymer on particles below the cloud point happened through hydrogen bonds
and the high dosage of 10000 ppm (10 mg polymer per 1 g solids) ensured

excess coverage of the particle surfaces. He then heated up the suspension
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to 75° and observed that the particles started to aggregate, mainly due to
favorable hydrophobic forces between polymer chains. When he cooled down
the sediment, he observed further shrinkage of the sediment volume up to
11%. He attributed this to the rearrangement of particles due to changing
attractive to repulsive forces, thus making water escape the pore structure.
In other words, the sediments compressive yield stress became lower and that
allowed the bed to collapse due to gravitational forces, driving the water out
of the aggregated network.[47] Figure 2.7 illustrates the suggested secondary

consolidation mechanism induced by thermo-responsive flocculants.

Suspension Aggregation Consolidation

below LCST above LCST below LCST

Figure 2.7: Secondary consolidation induced by thermo-responsive polymer floc-
culants

Secondary consolidation has not been observed with charged thermo-responsive
polymers, because the ionic comonomer units can adsorb onto particle surfaces
below and above the cloud point, which creates attractive forces in the sedi-

ments that hinders secondary consolidation.[12, 47]

In a smart attempt to achieve secondary consolidation with charged copoly-
mers, O’Shea et al. made a series of block cationic and anionic copolymers of
poly (NIPAM-block-DQA) and poly[NIPAM-block-(AAc-co-tBA)] (tBA=tertiary
butyl acrylate), by reversible addition-fragmentation chain-transfer (RAFT)
polymerization. Poly(NIPAM-block-DQA) was used to flocculate silica, and
poly[NIPAM-block-(AAc-co-tBA)| to flocculate alumina.[47] In contrast to
random charged copolymers, block copolymers could induce secondary con-
solidation below LCST (cloud point) because blocks of charged comonomer,
adsorbed onto particles above LCST, left the neutral NIPAM chains free to
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extend their length into solution and to cause secondary consolidation because

of steric repulsion in the sediments below LCST.

Ng et al. showed that further increasing the temperature above the LCST
could lead to formation of larger aggregates, as confirmed by focused beam
reflectance measurement (FBRM).[48] The authors, however, did not observe
this effect in the case of ionic thermo-responsive polymers (Figure 2.8). They
hypothesized that, for ionic polymers a greater state of aggregation had al-
ready been achieved due to charge-neutralization, which masked the impact of
temperature on the average size of the aggregates. The observations of Ng et
al. on the impact of temperature was independently supported in a study by
Maeda et al., where the authors used FTIR spectroscopy to show that more
than 85% of the hydrogen bonds still existed between water molecules and the
carbonyl groups of poly(PNIPAM) even above the LCST.[42]

375 PAM-co-AA
_-e. ®
s o ‘8--g-8--0--8""T .y -8
325 4
por
2009 PAM
Ems 4% 8 ¢ o o o $ ¢
Py LCST
S 150 - \ PNIPAM-co-AA
K A, A, A A 4 . L . A
5 125
£
- PNIPAM (6 MDa)
@ 100 —
@
= LCST
75 —
No flocculant
50
25
0 l Ll ' L I L | l L] I L] I L] ] T l L I L

Temperature (°C)

Figure 2.8: Effect of temperature on the iron aggregate sizes obtained by floccu-
lation with thermoresposnive ionic and neutral polymers.
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Thermo-responsive polymers have also been used to dewater oil sands tail-
ings.[49, 12] For instance, Li et al. showed that the conformational changes of
poly(NIPAM) around the cloud point enhanced the dewatering and geotechni-
cal stability of MFT compared to when the MF'T was treated with a commer-
cial anionic polyacrylamide. They observed that the yield stress of the MFT
sediments increased by 50% with poly(NIPAM) compared to A-poly(AAm).[50]
It is, however, important to note that this higher geotechnical stability required
using more than 3 times the dosage of the conventional flocculant. In fact, the
inherent drawback of using thermo-responsive polymers for large scale appli-
cations, such as MFT treatment, are twofold: 1) the energy required to heat
up the slurry above the LCST (or cloud point), and 2) the use of excess poly-
mers to ensure good coverage of particles surfaces to induce aggregation above
LCST (or cloud point).

2.3.2 Natural and Bio-Based Polymers

Commonly used bio- or natural polymer flocculants include chitosan, starch,
cellulose, alginate and amylopectin. These polymers are attractive because
of their wide availability, low prices, non-toxicity, and biodegradability.[27] In
this section, we review the use of natural/bio-based polymer flocculants for

the treatment of oil sands and model tailings.

In an attempt to partially substitute synthetic flocculants for environmental
friendly alternatives, Lu et al. used chitosan in a two-step flocculation pro-
cess to dewater oil sands tailings.[7] They first added high molecular weight
anionic polyacrylamide, followed by cationic chitosan (MW ~ 70 000). Chi-
tosan is a neutral polymer, but becomes positively-charged in acidic medium
(the authors dissolved the polymer in 1% acetic acid solution). The cationic
chitosan neutralized the fine clays that had not been captured by the A-
poly(AAm), and may have also caused some interfloc aggregation.[51] In an-
other study, Bazoubandi and Soares used amylopectin-grafted polyacrylamide
(AP-g-poly(AAm)) to dewater MFT. They grafted the polyacrylamide on amy-
lopectin by free radical polymerization, using ceric ammonium nitrate as ini-

tiator to generate radicals on the amylopectin backbone. The authors showed
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that the amylopectin itself could not significantly flocculate the tailings, due
to its relatively small molecular weight. However, the AP-g-poly(AAm) con-
sistently outperformed poly(AAm), achieving higher sediment solids content
at slightly larger optimum dosages. The authors confirmed the grafting pro-
cess had taken place by thermogravimetric analysis of the polymer, as the
NMR and FTIR was unable to distinguish the grafted polymers from the mix-
ture of poly(AAm) and amylopectin.[52] In another study, de Oliveira et al.
modified chitosan with 3-chloro-2-hydroxypropyltrimethylammonium chloride
(Chito-CTA) to increase the solubility of chitosan in water and also grafted
polyacrylamide on chitosan by free radical polymerization. They tried differ-
ent molar ratios of CTA to chitosan and compared it with the graft polymer,
concluding that the graft chitosan-g-poly(AAm) performed better than Chito-
CTA and cationic polyacrylamide in terms of dewatering metrics, capillary

suction time, specific resistance to filtration, and settling rate.[14]

2.3.3 Polymers with Novel Chemistries

Wang et al. synthesized a novel hybrid Al(OH)s-polyacrylamide (Al-poly(AAm))
based on the work of Yang et al., and compared it with the commercial an-
ionic polyacrylamide, Magnafloc 1011 (Percol 727), to treat two types of fresh
tailings with low and high fines ores. They synthesized the flocculant in two
steps:[53] 7) AlI(OH); colloidal particles (about 100 nm) were made by slowly
adding an ammonium carbonate solution to an aluminum chloride solution,
ii) acrylamide was polymerized inside the Al(OH); colloidal suspension. The
unreacted AI(OH); was removed by precipitating the polymer solution in ace-

tone. Figure 2.9 is a schematic of the Al-poly(AAm) structure.

The authors observed that the Al-poly(AAm) could effectively dewater fresh
tailings (13.5 wt% solids) to more than 80 wt% solids under 2 psig for 3 min-
utes, while Magnafloc reached only 30 wt% solids under the same conditions
and dosage. The authors performed the filtration test on tailings flocculated
under a single dosage. Knowing that the intrinsic viscosity of Magnafloc, as
reported by the authors, was about 30 times that of Al-poly(AAm), comparing

the two polymers at the same dosage does not seem to be a fair basis for this
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comparison.[54]

In another study, Sun et al. used atomic force microscopy (AFM) and single
molecule force spectroscopy (SMFS) to prove that Al-poly(AAm) chains had a
star-like configuration. They also showed that interactions between silica and
Al-poly(AAm) were stronger than those between silica and poly(AAm), and
even stronger than interactions between silica and a mixture of poly(AAm)
and AlCl;.[55] The authors flocculated a 0.6 wt% clay suspension at alka-
line pH and observed that the Al-poly(AAm) produced large (up to a few
millimeters in size) pellet-like aggregates with denser structures, in contrast
to the loosely-packed aggregates obtained by poly(AAm) or poly(AAm) +
AlCl3. The authors proposed a flocculation mechanism where the cores of
Al-poly(AAm) attached to the clay particles via charge neutralization and the
star-like structure of poly(AAm) chain produced multiple points of bridging

with neighboring particles, forming large and dense aggregates.

In another study, Alamgir et al. used Al-poly(AAm) with relatively large
molecular weight (2x10°) to flocculate MFT (diluted to 10 wt%). Their results
showed that Al-poly(AAm) could solidify the MEFT up to 77 wt% solids after
filtration for 10 minutes under 2 psig. Although the polymer was a good
filtration aid, the turbidity of the supernatant was Magnafloc was used.[§]
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Figure 2.9: Synthesis and structure of AI-PAM. [8]
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One of the approaches to enhance the dewatering of MF'T has been to synthe-
size partially hydrophobic polymers that retain less water in the aggregates. In
a novel attempt, Botha et al. polymerized anionic hyperbranched functional
polyethylene (HBfPE) and used it to treat MEFT for the first time.[11] The
authors used a late transition metal catalyst that underwent chain walking to
synthesize a series of branched polymers with polyethylene as core and methyl
acrylate in the branches (Figure 2.10). They used the polymer to treat MFT
at 5 wt% and 20 wt% solids, and compared its performance with that of indus-
try standard high molecular weight A-poly(AAm). A-poly(AAm) led to much
higher initial settling rates at 5wt% solids, but the situation was reversed for
the 20 wt% solids, when HBfPE outperformed A-poly(AAm). The higher set-
tling rate of the A-poly(AAm) in low solids was attributed to the extremely
larger molecular weight of the A-poly(AAm) (100 times higher than HBfPE).
For the counter-intuitive observation at 20 wt% solids, the authors speculated
that since the average distance between the MFT particles were shorter for the
high solids MF'T, the higher molecular weight of the A-poly(AAm) flocculant
played a lesser role in the flocculation. In addition to the authors’ hypothe-
sis, an additional explanation for this behavior could be that the formation of
large A-poly(AAm) aggregates in the high solids 20 wt% MFT hindered the
settling of the aggregates due to strong wall adhesion effects in the relatively
small settling cylinders (about 2 inches in diameter) used in their experiments.
The effect of wall adhesion and settling rate hindrance is comprehensively dis-
cussed in a publication by Benn et al., where the authors performed controlled
experiments to study the sedimentation and consolidation of aggregates of

various sizes and densities obtained by different flocculants.[56]

Botha et al. also observed that the lowest CST values (which correlates with
the highest dewatering rates) at the corresponding optimum dosages was ob-
served when HBfPE was used to treat MFT with both solids contents, sup-
posedly because HBfPE made denser aggregates due to its hyperbranched
structure and hydrophobic polyethylene core that repelled more water than
when hydrophilic A-poly(AAm) was used. In a subsequent study to further

investigate the behavior of this novel polymer, Costine et al. used a floc den-
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Figure 2.10: Suggested structure for HBfPE.[57]

sity analyzer (FDA) and focused beam reflectance measurement (FBRM) to
further characterize the aggregates resulting from the HBfPE treatment of oil
sands tailings. They adopted the method of Farrow and Warren[58] to esti-
mate the apparent density of aggregates. In this method, the size and free
settling rate (in Stokes regime) of the aggregated are measured using a semi-
automated digital camera. Their results confirmed the dewatering observation
of Botha et al, showing that the aggregates promoted by the HBfPE treat-
ment indeed had higher densities than those made by A-poly(AAm) (Figure
2.11). Given the large molecular weight difference between the two prod-
ucts, Costine et al. showed that some formulation of HBfPE (i.e. 40 mol%
comonomer of methyl acrylate) could produce aggregates of comparable size
to those produced by A-poly(AAm) (Figure 2.11). The authors speculated
that hydrophobic interactions between polyethylene segments and clay surfaces
coated with bitumen and organic compounds could enhance the adsorption of

these partially-hydrophobic polymers onto the clays present in MFT.

In another attempt to impart some hydrophobicity to the polyacrylamide

chains and to accelerate dewatering, Reis et al. synthesized a series of polyacrylamide-

g-poly(propylene oxide) (poly(AAm)-graft-PPO) to dewater MFT.[10] In a
two-step process, they first synthesized poly(propylene oxide methacrylate)

macromonomer by reacting methacryloyl and polypropylene, and then copoly-
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Figure 2.11: Unhindered settling rate and aggregate densities as a function of size
obtained for A-poly(AAm) and a series of HBfPEs.[59]

merized the macromonomer with acrylamide to produce poly(AAm)-graft-
PPO (Figure 2.12). When the polymers were tested in low solids MFT (di-
luted to 2 wt%), commercial A-poly(AAm) (with the addition of calcium)
and poly(AAm)-g-PPO (no calcium addition) performed similarly, as quanti-
fied by the initial settling rate and CST, with the A-poly(AAm) requiring a
much lower dosage than poly(AAm)-g-PPO (optimum performance achieved
at about 2 000 ppm for A-poly(AAm) versus 10 000 ppm for poly(AAm)-g-
PPO). This significant dosage difference was likely due to the larger molec-
ular weight of the A-poly(AAm) (about 17 millions) compared with that of
poly(AAm)-g-PPO (about 1 million). The addition of calcium prior to floc-
culation with A-poly(AAm) may also have helped reduce the A-poly(AAm)

dosage, since it increases the degree of pre-aggregation of the suspended solids.
In the high solids MFT (20 wt%), the authors observed that PAP-g-PPO
gave much better dewatering than A-poly(AAm) at their respective optimum

dosages, as indicated by about 10 times difference in the CST values mea-

sured after flocculation. The authors attributed this enhanced dewatering to

the hydrophobic segments in poly(AAm)-g-PPO, and not to the lower vis-

cosity (lower molecular weight) of the poly(AAm)-g-PPO solutions. To rule
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out the viscosity effect, the authors compared poly(AAm)-g-PPO against neu-
tral poly(AAm) of the same molecular weight (about 1 million) and showed
poly(AAm)-g-PPO could still dewater MFT much better than the neutral
poly(AAm) (CST of about 40 s vs CST of about 400 s).
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Figure 2.12: Chemical structure of poly(AAm)-g-PPO.[10]

2.3.4 Flocculation and Polymer Microstructure

Polymer microstructure is a generic term that encompasses polymer molecular
weight (average chain length), molecular weight distribution (polydispersity),
chemical (comonomer) composition and distribution, grafting frequency and
density, long chain branching, charge distribution, etc. These properties de-
termine how polymers perform in different applications. For example, polymer
molecular weight average and distribution affect polymer processing and me-
chanical strength, while the short chain branching of polyolefin impacts their

crystallinity and impact properties.

In the area of solid-liquid separation, one of the earliest work concerning poly-
mer flocculant microstructure was by Gill and Herrington.[60] In two sepa-
rate studies, the authors investigated the influence of the flocculant molecular
weight and chemical composition for the system of acrylamide compolymerized
with [2-(acryloyloxy)ethyl]trimethylammonium chloride for the flocculation of
kaolin suspensions. The authors used free radical polymerization to make these
polymers: In a first study, they kept the average chemical composition con-
stant and, varied the total average molecular weight from 1x10° to 10x10°,[61]

in a second study, they kept the average molecular weight the same 3x10°¢, and
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changed the average molar fraction of the cationic comonomer from 15 wt%
to 44 wt%.[60] They used their polymers to flocculate kaolin suspensions and
found that the supernatant clarity and the aggregate settling rate improved
with increasing polymer molecular weight. The authors, however, did not find
any significant correlation between copolymer composition and settling rate

or even between copolymer composition and supernatant turbidity.

Later in subsequent interesting study, Subramanian et al. compared the floc-
culation performance of graft and random AAm and DADMAC in a dilute
model tailing of TiOs (concentration of 0.005 wt%, average particle size of 0.4
pm).[62] The authors wanted to test the hypothesis that if the charges on a
copolymer were concentrated in a few locations along the backbone (as in the
case of block copolymers) rather than being randomly distributed along the
chain, the charge neutralization-bridging flocculation would be more effective.
In their first study, poly (DADMAC) made by free radical polymerization was
grafted onto poly(AAm) through gamma radiation to produce a graft micro-
gel. Gamma radiation extracted hydrogen atoms from the polymer backbones,
and the grafted microgel was produced through chain termination by combi-
nation. The authors argued that the probability of termination between two
poly(DADMAC) chains was low due to electrostatic repulsion between the
chains., This hypothesis was confirmed by a controlled experiment showing
that the viscosity of the system did not increase substantially after being ex-
posed to gamma radiation for a long time. Chain termination by combination
of poly(AAm) with another poly(AAm) chain, however, was favored, but the
authors did not attempt to separate any possible homopolymer microgels from
the system. In a similar fashion, gamma radiation was applied to a linear ran-
dom poly(AAm-co-DADMAC), made by free radical polymerization, to obtain
linear microgels. Figure 2.13 represents the expected structure of the two prod-
ucts. It is important to note that the authors kept the overall concentration
of monomers and the intensity of the gamma radiation low enough to avoid
formation of macrogels (dense crosslinks) which would otherwise be insoluble
in water. Their results on dilute suspensions of TiO, showed that grafted mi-

crogels performed better than random microgels (at optimum conditions), as
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indicated by the size of aggregates and the turbidity of the supernatant. They
also showed that both linear and random microgels performed better than lin-
ear random copolymer of acrylamide and DADMAC. The authors, however,
did not attempt to match the molecular weights of the three products they

compared, which may affect the generality of their conclusions.

Xu et al. compared the performance of hyperbranched cationic polyacry-
lamide and that of linear cationic polyacrylamide in the flocculation of 1wt%
kaolinite suspensions. The comonomer used was N-acryloyl-1,2-diaminoethane
hydrochloride. They observed that the hyperbranched flocculant had higher
settling rate and supernatant clarity. The better performance was attributed
to the hyperbranched structure of the polymer giving a more extended chain
conformation in solution, which exposed the cationic units more effectively
than its linear alternative.[63] The authors reported that their polymer had
the same intrinsic viscosity and average molecular weight. This finding, how-
ever, is inconsistent with polymer physics: if both polymers had the same
intrinsic viscosity, then the hyperbranched flocculant necessarily must have
had higher molecular weight than the linear polymer. As stated by the au-
thors, their conclusion seemed to be based on an erroneous interpretation of

their experimental results.

O’Shea et al. showed how block thermo-responsive copolymer flocculants could
outperform their random counterparts when used to dewater model silica
tailings. The authors made a series of cationic random and block copoly-
mers of poly(NIPAM-co-dimethylaminoethyl acrylate quaternary chloride),
poly(NIPAM-co-DQA), by free radical and reversible addition-fragmentation
chain-transfer (RAFT) polymerization, respectively.[47] They observed, in con-
trast to random copolymers, that block copolymers induced secondary consol-
idation below the LCST because the blocks made of the ionic comonomer ad-
sorbed onto silica particles above the LCST, allowing the neutral and thermos-
responsive NIPAM blocks extend into solution. When the temperature was
lowered below the LCST, intramolecular interactions caused them to expel wa-
ter and collapse, leading to secondary consolidation . The block copolymers

also formed micellar structures above the LCST, promoting more effective
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adsorption by charge-neutralization and forming larger aggregates.

graft copolymer microgels random copolymer microgels

Figure 2.13: Graft and random copolymer microgels. The graft copolymer micro-
gel has been shown to produce more effective flocculation.[62]

Nasser and James used a series of cationic polyacrylamides to find out the effect
of charge density and molecular weight on the flocculation and sedimentation
of kaolin suspensions. They found that the supernatant turbidity did not
improve notably when the copolymer charge density varied from 10% to 35%,
but observed that settling rates (at the optimum conditions) decreased when
the charge density increased or when the molecular weight decreased, which
is a reflection of the effect of polymer microstructure on average size of the
aggregates. It is difficult, however, to generalize their results because the
authors limited they investigation to a narrow range of molecular weight and

charge density.[64]

In the most detailed study of this kind, Costine et al. studied the effect of
molecular weight of A-poly(AAm) on flocculation, aggregate properties, and
sedimentation behavior of kaolin suspensions under various water chemistries
and mixing conditions. They used a series of A-poly(AAm)s with the same
ionic charges but varying molecular weights. The authors did not report the
average molecular weight, only the intrinsic viscosity of the A-poly(AAm) floc-
culants, which ranged from 9 to 20 dL.g~!. They used a continuous Couette
system (shear vessel) to test the effect of varying A-poly(AAm) molecular
weights, mixing conditions, and water chemistry. Interestingly, the authors
found that if the mixing intensity was low enough to limit the breakage of
weakly polymer-bridged aggregates, then below a certain dosage, low molec-

ular weight A-poly(AAm) produced larger and denser aggregates than high
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molecular weight A-poly(AAm). This effect was attributed to the higher num-
ber of (shorter) chains in the low molecular weight polymers, which promoted
more aggregation events in starving dosages.[65] As seen in Figure 2.14, the
implication of their results is that depending on the desired range of settling
rates or dewatering (reflected in aggregate density), one could decide whether
to choose high or low molecular weight polymers for a particular solid-liquid
separation. It is important to emphasize that their conclusion goes against
a common assumption in solid-liquid flocculation that ”the higher the poly-
mer molecular weight, the better the flocculation”. They also observed that
the water chemistry (ionic strength) affect flocculation less as the molecular
weight of the flocculant decreased. This observation was mostly attributed to

ions having a higher shielding effect on longer chains than on shorter chains.
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Figure 2.14: Influence of polymer molecular weight on aggregate density and
settling rate profiles of kaolin slurries[65]
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Chapter 3

Dewatering Oil Sands Mature
Fine Tailings (MFT) with
Cationic Flocculants : Impact of

Polymer Microstructure

Copolymers of acrylamide and cationic comonomers such as diallyldimethy-
lammonium chloride can effectively dewater solid suspensions containing neg-
atively charged fine particles. A good example of such suspensions is oil sands
mature fine tailings (MFT). However, little is known about the impact of floc-
culant microstructure in flocculation/dewatering performance. In this study,
a surface response methodology was used to systematically assess the impact
of chemical composition and average molecular weight of poly(acrylamide-co-
diallyldimethylammonium chloride) in dewatering MFT. The chemical com-
position and average molecular weight of the copolymers were controlled by

changing the feed monomer/comonomer ratios and initiator concentration.

A version of this chapter has been published as V. Vajihinejad, R. Guillermo, J. Soares, “dewatering oil sands mature
fine tailings (MFTs) with poly(acrylamide-co-diallyldimethylammonium chloride): Effect of average molecular weight and
copolymer composition” Industrial & Engineering Chemistry Research, 2017, vol. 56, pp 1256-1266 and presented as V.
Vajihinejad, J. Soares “Impact of polymer microstructure on flocculation and dewatering: Case of Canadian oil sands
tailings” in ACS Fall 2019 National Meeting & Expo, San Diego, August 2019.
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Both copolymer composition and molecular weight averages were statistically
significant variables for the initial settling rate and supernatant turbidity of
the flocculated MF'T. However, capillary suction time and resistance to filtra-
tion depended only on copolymer composition and polymer dosage, but not
significantly on average molecular weight. Depending on the polymer dosage,
the optimum chemical composition varies between 0 to 60 mol% of acrylamide

in the chain.

In addition to the average microstructure properties, we were also interested in
exploring whether the flocculant microstructure distributions affected floccu-
lation, in particular the effect of the chemical composition distribution on ag-
gregate formation and dewatering of MEF'T. Polymer reaction engineering tools
were used to make two series of poly(acrylamide-co-vinylbenzyl trimethylam-
monium chloride) having the same average composition and molecular weight,
but one series had narrow CCD, while the other had broad CCD. Surpris-
ingly, the flocculation/dewatering responses of the two series depended on
their dosage. The series with broad CCD consistently showed better results in
terms of aggregate formation and dewatering in low (starving) dosages, while
narrow CCD outperformed it in higher dosages. These results should be of
interest to polymer producers trying to tailor-make their products for oil sands

tailings or any other wastewater system.

3.1 Introduction

Oil sands mature fine tailings (MFT) are stable slurries of water (~ 60 wt%),
fine particles (~ 35 wt%), residual bitumen, and other organics (~ 5 wt%),
that form over time after waste streams of the oil sands extraction process is
released into tailing ponds. Tailing ponds have polluted an area in Canada as
large as 1.5 times the size of the city of Vancouver (176 km?). To put things
into perspective, this area is equivalent to approximately 111 000 hockey rinks.
It may take up to 150 years for MF'T to consolidate in the settling ponds, due
to the presence of very small negatively charged particles (mainly clay), that

does not separate from the liquid phase by gravity.[66] Current commercial
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methods, such as paste technology, use very high molecular weight anionic
polyacrylamide for dewatering MFT. Unfortunately, strong hydrogen bonds
due to the amide groups on the poly(AAm) backbone, along with the presence
of positive ions in the slurry, form a gel-like structure that retains consider-
able amounts of water.[10] Copolymerizing acrylamide (AAm) with positively
charge comonomers, such as diallydimethylammonium chloride (DADMAC)
or [2-(acryloyloxy)ethyl]trimethylammonium chloride, has helped reach higher
dewatering efficiencies in MFTs.[67, 68, 69]

In a recent patent on filtration of oil sands tailings, the authors claimed that
copolymers of acrylamide and DADMAC having at least 50 mol% of cationic
comonomer and molecular weight less than 1 million dewatered MFT well, but
no information on the influence of polymer microstructure on the dewatering
performance of these copolymers was provided by the inventors.[69] Polymers
affects most of their application properties, and dewatering performance is no
exception. The number of studies evaluating the influence of copolymer mi-
crostructure on MFT flocculation and dewatering is quite limited, although a
few studies have been published for other similar systems such as pulp and
paper mills wastewater treatment, sludge dewatering, model clays, silica and
titanium oxide particles.[70, 71, 72, 73, 64, 60, 61] For instance, Gill and Her-
rington investigated the impact of the molecular weight of copolymers of acry-
lamide and [2-(acryloyloxy)ethyl]trimethylammonium chloride on the floccula-
tion of kaolin suspensions in water.[60] They kept the composition constant and
varied the molecular weight of the copolymers from 1x10° to 10x10¢ g.mol=*.
They found that supernatant clarity and settling rate improved by increasing
polymer molecular weight. In another study by the same authors, they floccu-
lated kaolin suspensions with cationic copolymers of the same molecular weight
but with different compositions.[61] They tested three cationic copolymers of
acrylamide with 15, 31, and 44% [2-(acryloyloxy)ethyl|trimethylammonium
chloride and same molecular weight of about 2.7x10°. Surprisingly, they
found no correlation between copolymer composition, settling rate and su-
pernatant turbidity. Since in both studies the authors used copolymers with

very high range of molecular weights and small range of chemical compositions,
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we cannot confidently extrapolate their results to wider polymer microstruc-
tural ranges, even for model tailings (i.e. kaolinite suspensions). Another
work on the effect of molecular weight, charge density, and polymer dosage
of cationic copolymers of acrylamide on flocculation of kaolinite suspensions
was published by Nasser and James, where they found that the supernatant
turbidity did not improve notably when they changed the charge density of the
cationic polyacrylamide from 10% to 35%, while keeping the molecular weight
constant.[64] Their results also suggested that settling rates (at the optimum
dosage) decreased slightly when the charge density was increased and when

the polymer molecular weight was reduced.

In another interesting study, Subramanian et al. compared the flocculation
performance of graft and random AAm and DADMAC in a dilute model tail-
ing of Ti04.[62] Their results showed that grafted microgels performed better
than random microgels (at optimum conditions), as indicated by the size of
aggregates and the turbidity of the supernatant. They also showed that both
linear and random microgels performed better than linear random copolymer
of acrylamide and DADMAC. The authors, however, did not attempt to match
the molecular weights of the three products they compared, which may affect
the generality of their results. In another study, O’Shea et al. showed the ad-
vantage of using block structure in thermo-responsive flocculants in dewatering
model tailings of silica. The authors made a series of cationic random and block
copolymers of poly(NIPAM-b-DQA) by free radical and reversible addition-
fragmentation chain-transfer (RAFT) polymerization, respectively.[47] They
observed, in contrast to random charged copolymers, block copolymers in-
duced secondary consolidation below the LCST. The block copolymers, also,
formed micellar structure above the LCST, promoting more effective adsorp-

tion by charge-neutralization and forming larger aggregates.

In a detailed study, Costine et al. investigated the effect of molecular weight of
anionic polyacrylamide on flocculation, aggregate properties and sedimenta-
tion behavior of kaolin suspensions under various water chemistry and mixing
conditions. They used a series of anionic polyacrylamide of the same chem-

ical compositions but varying molecular weights. Interestingly, the authors
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found that if the mixing intensity was low enough to limit the breakage of
weakly polymer-bridged aggregates, then below a certain dosage, low molec-
ular weight A-poly(AAm) produced larger and denser aggregates than high
molecular weight A-poly(AAm). This effect was attributed to the higher num-
ber of (shorter) chains in the low molecular weight polymers, which promoted

more aggregation events in starving dosages.[65]

The work discussed in this chapter quantifies the impact of average copolymer
composition and molecular weight, as well as chemical composition distribu-
tion, on the dewatering of MFT with cationic copolymers of acrylamide. The

study is divided in two parts:

i) The first part explores the impact of average molecular weight and av-
erage chemical composition of a series of cationic copolymers of acrylamide,
poly(AAm-co-DADMAC), through a response surface method (RSM). A cen-
tral composite design was chosen for the RSM and flocculation/dewatering re-
sponses (settling rate, turbidity of supernatant, capillary suction time (CST),
and resistance to filtration) were simulated with a multiple linear regression

model.

it) The second part of the study examines whether the chemical composition
distribution affects the flocculation/dewatering of MET. Polymer flocculants
are usually made by free radical polymerization in batch reactors, in which a
significant amount of comonomer composition drift may take place depending
on the reactivity ratios of the monomers, ultimately producing copolymers
with broad chemical composition distribution (CCD). To examine the effect of
flocculant CCD on flocculation/dewatering, two series of cationic copolymers
of acrylamide, poly(acrylamide-co-vinylbenzyl trimethylammonium chloride),
poly(AAm-co-VBTMAC), were synthesized, with the same average chemical

composition and molecular weight, but different (broad or narrow) CCD.
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3.2 Experimental section

3.2.1 DMaterials

Acrylamide (AAm), diallydimethylammonium chloride (DADMAC) and vinyl-
benzyl trimethylammonium chloride, initiator, 2,2’-azobis(2-methylpropionamidine)
dihydrochloride (V-50), were purchased from Sigma-Aldrich. Coanda Research
& Development Corporation in Alberta, Canada, supplied the MFT samples

used in this research.

3.2.2 Polymerization

This section discusses the polymerization of the two copolymer systems investi-
gated in this chapter, poly(AAm-co-DADMAC) and poly(AAm-co-VBTMAC).
Poly(AAm-co-DADMAC) was used to study the effect of average molecular
weight and average copolymer composition of cationic flocculants. To be able
to use the literature kinetic data for controlling the composition of poly(AAm-
co-DADMAC) copolymer by controlling the monomer/comonomer ratios in
the feed, and to be able to finish polymerization within the life time of the ini-
tiator, all poly(AAm-co-DADMAC)s were polymerized to small conversions,
to avoid composition drift. However, to study the effect of CCD on floccula-
tion, we replaced DADMAC with VBTMAC. The main reason for this was the
slow kinetics of DADMAC. In other words, it was not possible to polymerize a
system of AAm/DADMAC to full conversion (to make copolymers with broad
CCD) in the life time of the initiator. However, VBTMAC allowed as to reach
full conversion (to get broad CCD) within a reasonable amount of time with

reasonably large overall molecular weight.

Poly(AAm-co-DADMAC)

Poly(AAm-co-DADMAC), was made by free radical polymerization at 50 °C in
a 0.5 L glass polyclave reactor (biichiglasuster®, Switzerland) equipped with a
jacket, a mixer, and a nitrogen line for purging oxygen. Initially, the monomer
solutions were added to the reactor and bubbled with nitrogen for about 1

hour while increasing the reactor temperature to 50 °C. Initiator, previously
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purged with nitrogen, was then added to the reactor. The average comonomer
fraction in the copolymer was controlled by varying the comonomer composi-
tion in the feed. After a certain time, estimated based on previously published
polymerization kinetics data, the polymerizations was stopped by adding 0.1
ml of 1 wt% hydroquinone solution to every 10 ml of the reaction mixture.[74]
Separation of the poly(AAm-co-DADMAC) from unreacted monomers was
done by precipitating the reaction solution in acetone. Since the conversions
were small (to avoid composition drift), the mass of polymer produced was
little, making it important to recover all polymer from the reaction mixture.

To meet this end, following purification procedure was used:

Small volumes of the reaction mixture were mixed with about 10-15-fold (by
volume) of acetone in centrifugation tubes. After shaking, the mixture became
a cloudy suspension, indicating that the polymer had precipitated from solu-
tion. The mixture was then placed in a centrifuge for about a minute at high
speed to separate the polymer from the solution. The resulting polymer was
then washed multiple times with acetone for further purification. The purified
polymer was frozen with liquid nitrogen and dried in a freeze-dryer for at least

4 days to remove any remaining solvent and water.

Equations (3.1) to (3.3) show how the cumulative copolymer composition is
related to the initial feed composition, monomers conversion, monomers reac-

tivity ratios, and instantaneous monomers compositions[75, 76|

F = flo_f;(l_@ (3.1)
dh  HL—F
dr~ 1—=z (3:2)
) rfi + ife (3.3)

B rifE 4 2f1fa + rofd

where F; and F; are the cumulative and instantaneous molar fraction of

monomer 1 in the copolymer, respectively; fip and f; are the initial and in-
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stantaneous molar fraction of monomer 1 in the reactor, respectively; r; and
ro are the reactivity ratios of monomers 1 and 2, respectively; and x is total
molar conversion. To control the copolymer composition, the conditions were
kept the same for all the polymerizations, except the feed composition. Re-
activity ratios for AAm and DADMAC reported in the work of Brand et al.
(raam="5.7£ 0.5 and rpapyrac= 0.03% 0.001) were used.[74] Since the authors
reported that the reactivity ratios changed as a function of the total concen-
tration of the monomers in the solution, the total monomer concentration were
kept the same as reported by them, 1.5 mol.L =, for all polymerizations. More
information on how conversions and cumulative copolymer compositions were
calculated is available in the Appendix D.[74, 75, 76, 77, 78]

The average molecular weight of the copolymers can be controlled by vary-
ing the initial concentration of initiator added to the polymerization reactor.
Equation (3.4) shows how the instantaneous number average chain length of
polymers made by free radical polymerization are related to initial initiator
concentration at low conversions. All polymerizations were run well below
10% molar conversion to avoid substantial composition drift and the conse-

quent broadening of the molecular weight distribution of the polymer.

]{30'5
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In Equation (3.4), 7, is the instantaneous number-average chain length of the
polymer; k,, k;, and k; are the rate constants for propagation, termination

and transfer to monomer, respectively.[79]

Poly(AAm-co-VBTMAC)

Poly(AAm-co-VBTMAC) was made in the same reactor following similar pro-
cedures used to synthesize poly(AAm-co-DADMAC). DAMDAC was replaced
with VBTMAC because the kinetics of DADMAC polymerization was too
slow to allow a full conversion within the life time of the initiator used in these
polymerizations. VBTMAC is much more reactive than DADMAC and can
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be used to produce polymers of higher molecular weights. Chapter 4 compares
these two compolymers in more details. Interestingly, VBTMAC was found to
be even more reactive than AAm (please see Appendix D). For our purposes,
we made two groups of copolymers: i) group A (broad CCD) was copolymers
made in batch reactors where the reaction proceeded to full conversion, and
group B (narrow CCD) was the copolymers made in batch reactors where the
reaction proceeded to only small conversions (~ 3%). More on the chemical

composition drift in batch reactors will be discussed in Section 3.3.3.

3.2.3 Copolymer Characterization

Proton nuclear magnetic resonance (‘\HNMR) was used to measure copolymer
composition, which were also estimated according to the kinetics model. D,O
was used as the solvent and 'HNMR was performed at 27°C using a Varian
Mercury 400 MHz instrument. Peak identification and integration procedure
were based on Suresha et al.[78] Copolymer molecular weights were measured
by gel permeation chromatography (GPC, Agilent 1260 Infinity, equipped with
2 TSKgel G6000PW x 1, columns). The solvent (mobile phase) was an aqueous
solution of 0.2 M NaNQOj. Polyethylene oxide standards with narrow molecular
weight distribution, ranging from 580 to 5x10% g.mol~! , were used to calibrate
the GPC column. The GPC flow rate was 1.0 ml.min~!, the injection volume

was 100 L and the sample concentration was 4 mg.ml™?.

3.2.4 MFT Characterization

Dean-Stark extraction was used to quantify the solids fraction, moisture con-
tent, and bitumen in the MFT sample. In a typical experiment, a MFT was
placed in a thimble on top of a boiling toluene in a round flask, connected to a
condenser. The vapors of boiling toluene vaporized the water in MF'T and then
both got condensed in a condenser and fell into a trap with water on bottom
and toluene on top. When the trap became full the remaining toluene would
flow back through the thimble dissolving the bitumen down to the round flask.
The process usually goes over night until the drops of toluene coming out of the

thimble seems clear, which is an indication of complete separation of bitumen
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from MFT. The MFT water is collected from the trap and weighted, the solids
in the thimble was dried (to get rid of the remaining toluene) and weighted to
calculate the solids content. The known volume of bitumen/toluene mixture
was poured to a filter paper to measure the amount of bitumen, after drying

the filter paper in vacuum oven to vaporize the toluene.

Atomic absorption spectroscopy (AAS) (VARIAN 220 FS) was used to quan-
tify the concentration of major ions in MFT (Nat, K*, Ca?t, Mg*").

3.2.5 Flocculation/Dewatering Test Methods

Before testing different polymer flocculants, the MFT needed to be diluted
because its gel-like texture made it difficult to disperse the polymer in the
suspension and might mask the effect of distinct polymer microstructures on
flocculation and dewatering. The dilution method is important since it may
affect water chemistry, which plays an important role in the colloidal stabil-
ity of tailings. Unfortunately, there is no single accepted dilution method in
the literature. The dilution water may be deionized water, process water,
obtained by pressure filtering or centrifuging MF'T, or pressure filtering the
process water. For instance, Alamgir et al. obtained the dilution water by
pressure filtering MFT, Klein et al. used process water,[80] Xu et al. pressure-
filtered the process water,[9] and Rooney et al. and Reis et al. used deionized
water.[10, 81] Since the objective of this study was to solely investigate the
impact of polymer microstructure on MFT flocculation, not the effect of water
chemistry on flocculation, a dilution method that was consistent, reproducible
and did not change the pH of the MF'T significantly was required. Deionized

water was the option that best met these requirements.

The following polymer/MFT mixing procedure was used for all tests:

1) 100 g of MFT slurry (diluted to 5 wt% solids in deionized water for samples
treated with poly(AAm-co-DADMAC) samples, and 3 wt% solids for those
treated with poly(AAm-co-VBTMAC)) was added to a 250 ml glass beaker.

2) While the slurry was being mixed at 200 rpm or 400 rpm using a three-blade
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impeller (5 cm diameter), the required amount of polymer was added to the

beaker and the slurry was kept under mixing until the aggregates were formed.

3) At the end of this period, the sample was divided in two fractions: i) A
small 7-ml aliquot of the mixed slurry was poured into a capillary suction time
(CST) unit- using a Triton Electronics meter (Type 319 multi-CST) equipped
with Triton filter paper 7 cm x 9 cm. The unit recorded the time taken for
the sample to release water through designated points on the filter paper. i)
The remaining polymer/MFT suspension (93 mL) was transferred to a 100
ml graduated glass cylinder, and the change in height of the mudline was
recorded over time. The initial slope of the mudline height versus time graph

was recorded as the initial settling rate (ISR).

4) The slurry was allowed to consolidate in the cylinder for 24 hours, and a
sample of the supernatant was taken for turbidity measurements by a Hach
2100 AN turbidimeter.

5) The same mixing procedure was repeated before measuring the specific
resistance to filtration (SRF). First, the slurry was transferred to a 0.2-L pres-
sure filtration apparatus equipped with a 12 cm? Triton filter paper. Filtration
took place under an applied air pressure of 5 psig for 10 minutes. The mass
of released water was recorded every 10 seconds using an analytical balance
connected to a computer. The specific resistant to filtration is calculated using
Equation (3.5),[8]

2APA?
Cly

where AP is the applied pressure in Pa, A is the filter medium area in m?, b

SRF =

b (3.5)

is the slope of t/V against V (t is time and V is the volume of the collected

6

water) in s.m ™%, ¢ is solid concentration in the slurry in kg.m™*, and p; is the

filtrate viscosity in Pa.s.

Finally, aggregate formation was monitored by focused beam reflectance mea-

surement (FBRM). Details of this technique are given in Chapter 5.
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3.3 Results and Discussion

3.3.1 MFT Composition

Table 3.1 quantifies the composition of the MFT sample characterized by
Dean-Stark and atomic absorption spectroscopy. The particle size distribution
of the MFT sample is represented in Figure 3.1. A detailed description of ME'T
particle size measurement is given in Chapter 5. The pH of undiluted MFT
and diluted MFT (with deionized water) was measured to be approximately
8. This shows that MFT is a relatively strong buffer system, and dilution with

deionized water does not significantly affect its colloidal stability.

Table 3.1: Undiluted MFT sample composition

Analysis method compound value

Major ions (ppm) Nat 248.3
Kt 184

Ca?* 11

Mg2+  22.1

Dean-Stark (wt%) Water  59.8
Solids  35.2

Bitumen 2.9

44



) W | ]
18 -7
<+ _
-6
S L5 8
Z 12- z
2] .4 @
c c
[ [
T 9 T
- L3 O
8 =
E 6- =2
S -2 O
=z >
37 1
0 0
0.1 1 10 100

Size (um)

Figure 3.1: MFT particle size distribution

3.3.2 Poly(AAm-co-DADMAC): Average Chemical Com-
position and Molecular Weight Effect

Design of Experiment

A central composite design (Table 3.2) was selected to investigate the effect
of average copolymer composition, molecular weight, and polymer dosage on
MEFT flocculation with copolymers of AAm and DADMAC. Since the central
composite design needs the input variables to be independent of each other,
copolymer molecular weight and composition could not be selected as input
variables simultaneously because the molecular weight of a copolymer depends
on its composition. Therefore, the initial initiator concentration (which affects
copolymer molecular weight) was selected as the independent input variable
in place of the average molecular weight. Equation (3.4) and data on Table
3.3 show the correlation between number average molecular weight and the
initiator concentration. The output variables (responses) were initial settling
rate (ISR), capillary suction time (CST), supernatant turbidity, and specific
resistance to filtration (SRF). The resulting experimental data was analyzed
with TIBCO Statistica Ultimate Academic Bundle (TIBCO® Data Science).
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Table 3.2: Indepent variables in central composite design

Levels of coded variables

Independent variables —a -1 0 1 +a
-1.68 -1 0 1 168

Fpam (X1) 0 024 05 083 099
log[Io (Xa) 415 -3.6 -2.8 -2 -1.45
dosage (X3) 1.27 4 8 12 14.73

[I]o: mol.L™! & dosage: kppm (kilo parts per million)

A multiple linear regression model with quadratic and interaction terms cor-

related the behavior of the responses to the input variables, [82]

n—1 n

v = bo + Zn: biX; + Zn: X7+ > by XiX; (3.6)
1 1

1 41

where y; is the i predicted response, by is a constant coefficient, b;, b;;, and b;;
are coefficients for linear, quadratic, and interaction terms, respectively, and

X, and X are the independent variables.

Table 3.3 lists the sequence of runs performed in this investigation based on
a central composite design. It includes observations for all experiments, as
well as molecular weights of copolymers made at different monomer fractions
and initiator concentrations. Note that the tested copolymers cover a wide
range of comonomer composition (0 to 0.99) and molecular weights (90 to
1819 kg.mol 1), covering a much wider range of microstructures than done in

previous studies.
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Table 3.3: Design of experiment matrix

Run# Faam log[l]o dosage (kppm) ISR (em h™') CST (s) turbidity (NTU) b(s ¢72) SRF (m kg™') M, (kg mol™")

1 0.50  -1.45 8.00 19.65 8.6 0.593 0.339 7.3x10M" 185
2 0.24  -2.00 4.00 12.56 9.2 1.01 0.278 5.9x10" 94
3 0.99  -2.80 8.00 148.51 84.4 18296  12.470 2.7x10" 1819
4 0.83  -2.00 4.00 33.30 85 5993 1.790 3.8x10"? 1050
5 0.83  -2.00 12.00 51.87 10.7 72.7 0.041 8.8x 1010 1050
6 0.83  -3.60 4.00 78.62 76 5640 1.847 4.0x10"? 1450
7 0.24  -3.60 12.00 7.09 9.7 103 0.189 4.1x10" 200
8 0.24  -3.60 4.00 24.02 9 3.47 0.298 6.4x10" 200
9 0.83  -3.60 12.00 95.00 15.2 66.7 0.025 5.4x10'° 1450
10 0.50 -2.80 1.27 44.22 51.3 7776 4.530 9.7x10'2 280
11 0.50  -4.15 8.00 30.03 7.7 0.902 0.064 1.4x10" 1324
12 0.00 -2.80 8.00 6.22 9.8 32.7 0.246 5.3x10" 90
13 0.50  -2.80 8.00 26.97 7.8 29.4 0.064 1.4x10" 280
14 0.50  -2.80 14.73 12.56 8.8 130 0.281 6.0x10" 280
15 0.50  -2.80 8.00 13.10 6.4 3.26 0.077 1.7x 10" 265
16 0.50  -2.80 8.00 25.12 7.3 6.81 0.120 2.6x10" 340
17 0.24  -2.00 12.00 7.64 6.4 345 0.333 7.2x10" 94

Initial Settling Rate (ISR)
Model Development

A model based on only significant predictors was obtained after dropping out
insignificant predictors through an analysis of variance study. The residu-
als were also analyzed to confirm the adequacy of the model according to
the regression assumptions. To eliminate non-normality in the residuals, ISR
was raised to the power of 0.25 (ISR®*) in Equation (3.6). Similar trans-
formations were needed in the other responses. This is a common practice
in regression analysis to find a function that satisfies the assumptions of the
regression model.[82] Residuals were plotted versus predicted values to detect
non-linearities and to examine the assumption of equal variances. Residuals
were also plotted versus runs number (run sequence plot) to detect any sys-
tematic non-random pattern and to validate the condition of independency.
Finally, normal probability plots of the residuals were inspected to check the
normality of the residuals. These plots and the ANOVA analysis is avail-
able in D. Equation (3.7) is the final equation relating ISR to the statistically

significant factors,

47



Yrsr = 2.237 4 0.52X; — 0.125X5 — 0.10X; + 0.16 X,X5 + 0.11X2  (3.7)

where X is F gam, Xo is log[I]o (X3), and X3 is polymer dosage.

Figure 3.2 shows the output of the ISR model. The initial settling rate in-
creases when lower concentrations of the initiator are used (higher polymer
molecular weights, all other factors being the same) for any given copolymer
composition. In other words, copolymers with the same chemical composition
but higher average molecular weights (see Equation (3.4)) settle MEFT faster.
This agrees with our understanding of the flocculation mechanism: the longer
the polymer chains, the larger aggregates, and the faster their settling rates
due to gravity. In addition, ISR increases for copolymers with higher fractions

of acrylamide.

Is this increase in ISR due to changes in copolymer composition or in molecular
weight? It is hard to decouple the two effects, since when the concentration of
AAm in the copolymer increases, the polymer molecular weight also increases,
even when the same initiator concentration is used (refer to Table 3.3). To
understand the effect that the AAm fraction has in the settling rate of MF'T
independently of copolymer molecular weight, a regression model for ISR based
on copolymer composition and the molecular weights of each copolymer at a
given copolymer dosage was developed. Figure 3.3 illustrates how the initial
settling rate depends on both variables. It may be proposed that polymers with
higher AAm fractions and molecular weights capture large clay particles via the
bridging mechanism, creating heavier aggregates that settle faster. One could
conclude, therefore, that pure poly(AAm) would be the best flocculant for
MFT. However, how one defines “best” is important. As it will be shown in the
next section, copolymers with higher fractions of AAm produce supernatants
with higher turbidities because many fines that are not captured by the high
AAm-content copolymers. Similar conclusions can be drawn for CST and
SRF, as will be described later.
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Figure 3.2: Surface response of ISR as a function of compolymer composition and
initiator concentration- dosage= 4 kppm. ISR values are in cmh ™!

Capillary Suction Time (CST)

CST measurements needed to be modeled as

to address non-normality
in the model defined by Equation (3.6). The analysis of variance results
showed that initiator concentration was not a significant variable in CST mea-
surements. Since initiator concentration is related to the average copolymer

molecular weight - see Equation (3.4) - we conclude that molecular weight does

affect CST within the range of values covered in this study.

After rearranging the model based only on significant variables, CST becomes a
function of dosage and copolymer composition as shown in Figure 3.4. Equa-

tion (3.8) is the final equation relating CST to the statistically significant
factors,
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SR

Figure 3.3: Scatter plot of ISR as a function of compolymer composition and
number average molecular weight- dosage= 8 kppm. ISR values are in cmh ™!

Yosr = 0.356 — 0.07X; + 0.05X5 + 0.05X1 X5 — 0.05X2 — 0.04X2  (3.8)

Figure 3.4 shows that, as one moves towards the center of response surface, the
CST values decrease (faster MFT dewatering). Interestingly, when the AAm
fraction in the copolymer increases, higher dosage are required to keep the CST
low. This behavior suggests that charge density and copolymer hydrophobicity
(explained by the fraction of AAm) is a dominant factor in determining the
dewaterability of the aggregates, as opposed to a bridging mechanism imposed

by the size of the polymer chains.

Supernatant Turbidity

The supernatant was separated from the flocculated MET after it was allowed
to settle for 24 hours. Analysis of variance initially showed that initiator
concentration was not a significant predictor for supernatant turbidity. This

conclusion was based on comparing calculated and tabulated F values (low p
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Figure 3.4: Surface response of CST as a function of compolymer composition and
dosage. CST values are in sec

values, see Appendix D). When initiator concentration was dropped from the
model, however, the residuals became non-normal and violated the regression
assumptions. Therefore, the initiator concentration was reintroduced in the
model. Such behavior may happen when the variable of interest (initiator
concentration) is not an explanatory variable (molecular weight), but is rather
correlated with it. Residual plots are shown in Figure 3.5a to 3.5d. Equa-
tion (3.9) is the final equation for turbidity as a function of the statistically

significant coded factors,

Yiurbidity =1.517 4+ 0.70.X; + 0.01.X5 — 0.35X5 — 0.69.X; X3 + 0.50X7

(3.9)
—0.21X7 4 0.49X;

Figure 3.6 shows how turbidity changes as a function of copolymer compo-
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sition at different polymer dosages. At low AAm fraction in the copolymer,
the copolymer tends to capture more of the negatively charged fine particles,
mainly due to charge neutralization, whereas in very high fractions of acry-

lamide (low DADMAC composition), the supernatant becomes highly turbid.

"
S
¢
i
R —
.

1 4
S S A —
A f

10
B
3
% ,
e 2
&

0
o

- >

© El<s

=<7

=<8

Cl<5

< 4

B < 3

D 2 -"7‘2

Figure 3.6: Surface response of turbidity as a function of compolymer composition
and dosage
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Specific Resistant to Filtration (SRF)

The resistant of the flocculated MFT to pressure filtration was also measured.
According to Equation (3.5), the slope of t/V vs V (= b) was modeled based
on the input variables, since all the other parameters are the same for all
the runs. This parameter quantifies how fast aggregates dewater under pres-
sure. The lower this value, the lower the specific resistant to filtration. Not
surprisingly, the filtration experiment results followed the trends seen for the
CST experiments: the initiator concentration (copolymer molecular weight)
was not a statistically significant variable, and the SRF was mainly controlled
by copolymer composition and polymer dosage. Equation (3.10) is the final

empirical equation relating SRF to the statistically significant factors,

Yspr = 1.039 — 0.63X; + 0.56 X3 + 0.57X; X3 — 0.19X7 — 0.2X7  (3.10)

=15

B < 14.25
<1325
B <1225
Bl < 11.25

Figure 3.7: Surface response of SRF as a function of copolymer composition and
dosage

As observed in Figure 3.7, as more AAm is present in the copolymer chain,
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more water is retained in the aggregates, reducing water release and increasing
SRF values. Not surprisingly, CST with SRF follow similar trends: in the CST
experiments, the water trapped in the sediments flows out through capillary
forces in the filter paper, whereas in the filtration experiment, air pressure is

the driving force for sediment dewatering.

Table 3.4 summarizes how each copolymer property, and their interactions,

affect flocculation/dewatering performance measured by different metrics.

Table 3.4: Significance levels

# Predictors ISR CST SRFEF  Turbidity
1 Copolymer composition significant significant significant significant
2 Average molecular weight significant — —— significant
3 Polymer dosage significant significant significant significant
4 1 by 2 significant — — —
5 1 by 3 significant significant significant significant
6 2 by 3 — — — —

3.3.3 Poly(AAm-co-VBTMAC): Chemical Composition
Distribution Effect

Flocculants Design: Measurement and Simulation of Copolymer Mi-

crostructure

Table 3.5 lists the polymerization conditions used to make the two series of
AAm/VBTMAC copolymers. Series A has a narrow CCD and Series B has a
broad CCD.

The polymerization conditions listed in Table 3.5 were found based on changes
of monomer/comonomer feed ratio and the initiator concentration until ade-
quate values were obtained for molecular weight and chemical composition.
Appendix D shows more characterization details for these copolymers. After
finding the polymerization conditions that would make copolymers with identi-

cal average compositions and molecular weights in both series, the polymeriza-
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Table 3.5: Polymerization conditions for narrow CCD samples (Series A) and
broad CCD samples (Series B)

Polymerization conditions Series A Series B
Feed composition (faam) 0.8 0.59
Monomer concentration [M]/molL ! 1 0.8
Initiator concentration [I]/molL~* 2x107%  1.2x1073
Reaction time 5 min 20 h
Conversion (%) ~3 ~99
Copolymer composition (FA Am) 60-62 60-62

tions for each series were replicated at least four times to exclude the possible
errors from polymerization/polymer properties into our flocculation /dewatering
experiments. Table 3.6 shows the properties of the copolymer flocculants made

in these replicate polymerizations.

Table 3.6: Polymer properties obtained for narrow CCD samples (Series A) and
broad CCD samples (Series B) in different replicates

Series - replicate no.  F 4am M,, PDI

A-1 0.61 1071000 2.8
A-2 0.60 1211000 3.8
A-3 0.60 1107000 3.6
A4 0.62 1144000 3.4
B-1 0.61 1152000 3.9
B-2 0.63 1031000 4.1
B-3 0.60 1072000 4.7
B-4 0.61 1019000 4.2

Flocculants in Series B have slightly larger polydispersity indices (PDI) since
these polymerizations proceeded to full conversions. The concentrations of the

two comonomers decrease continuously with increasing conversion, leading to
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the formation of shorter chains that broaden the MWD of the copolymer. In
matching the weight average molecular weights (M,,) of the polymers in the
Series A and B, we tried to approximate the high end of their MWDs (see

Figure 3.8), since the flocculation process is mostly affected by the longer

chains.
1.2
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Figure 3.8: Molecular weight distribution of flocculants of Series A and Series B
at different polymerization replicates

The reactivity ratios for the AAm/VBTMAC system was found to be r44,=
0.46 and ryprarac= 2.48. The details of reactivity ratio estimation are given
in Appendix D. Using these values and Equation (3.1) to Equation (3.3),
one can simulate how the average chemical composition is changing in a batch
reactor as a function of conversion (Figure 3.9). Polymerizations for both series
started with 60 mol% AAm and 40 mol% VBTMAC. At the beginning of the
polymerization, the fraction of VBTMAC in the copolymer was higher than 60
mol% because VBTMAC is more reactive than AAm. As a consequence, the
instantaneous fraction of VBTMAC in the reator (fypryac) drops rapidly
(composition drift), and the copolymer chains made at increasingly higher

conversions (higher polymerization times) have lower and lower fractions of
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VBTMAC (Fyprymac). Finally, the cumaulative fraction of VBTMAC in the
copolymer chains (FVBTM ac) is the fraction for the whole copolymer made

after a given polymerization time.[83]

0.7 T T T T

Fyarmac

©
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Fyermac

VBTMAC
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Figure 3.9: Simulation of chemical composition for poly(AAm-co-VBTMAC).
VBTMAC fraction in the monomers mixture (green line), in the polymer chains
produced at a given instance of time (blue line), and the cumulative fraction of
VBTMAC in the whole polymer chains produced in the reactor until a given con-
version x (red line)

To visualize the microstructural differences of the polymers in Series A and B,
and how composition drift affects their distributions of chemical composition,
the copolymerization of AAm/VBTMAC was modeled using the method of
population balances [84]. Please see Appendix C.

Figure 3.10 to Figure 3.14 shows how the breadth of chemical composition
distribution changes with conversion. Figure 3.10 represents the microstruc-
ture of a copolymer made after only 5% conversion, similar to that expected
for copolymers made in Series A. As the conversion increases, both distribu-

tions broaden (Figure 3.10 to 3.12) due to composition drift and decreasing
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Figure 3.10: Example of a simulated bivariate distribution of molecular weight

and chemical composition in a batch reactor at 5% conversion, Fy pryac= 0.61,
feed composition= 40% VBTMAC
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Figure 3.11: Example of a simulated bivariate distribution of molecular weight
and chemical composition in a batch reactor at 18% conversion, Fyprarac= 0.60,
feed composition= 40% VBTMAC 29
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Figure 3.12: Example of a simulated bivariate distribution of molecular weight
and chemical composition in a batch reactor at 32% conversion, F'y grarac= 0.58,
feed composition= 40% VBTMAC
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Figure 3.13: Example of a simulated bivariate distribution of molecular weight
and chemical composition in a batch rea&ﬁor at 87% conversion, Fyprayac= 0.45,
feed composition= 40% VBTMAC
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Figure 3.14: Example of a simulated bivariate distribution of molecular weight
and chemical composition in a batch reactor at 99% conversion, Fypryrac= 0.4,
feed composition= 40% VBTMAC

comonomer concentrations. Finally, when the conversion approaches 100% in
Figure 3.14, a separate population of pure polyacrylamide is formed, indicat-
ing that the more reactive comonomer, VBTMAC, was completely consumed

during the copolymerization.

Settling Rate and Dewatering

Diluted MFT samples were treated with polymers from both series under mild
mixing conditions to magnify the differences between the two flocculant series.
Figure 3.15 and Figure 3.16 compares settling rates and CST measurements
for MFT treated with flocculants from Series A and B. The reported results
are averages of all replicates (i.e. A-1/A-2/A-3/A-4 for Series A).

At low (starving) dosages, flocculants from Series B (broad CCD, full con-
version) led to the highest settling rates. It seems that at low dosages, in

which case only a small fraction of the particle surfaces are covered with poly-
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mer, chains with higher AAm fraction had a better chance of bridging the
suspended particles. Although the overall charge of polymers in both series
were the same, those with broader CCD containing chains with higher AAm
fractions (compare Figure 3.9 with Figure 3.13) were more efficient in forming

aggregates by the bridging mechanism.

Interestingly, flocculants in Series A outperformed those in Series B as the
dosage was increased over 4,000 ppm. It may be hypothesized that for higher
dosages, most of the particle surfaces are covered with polymer chains. Under
these conditions, the AAm-rich chains that exist in Series B but not in Series
A do not influence the formation of aggregates, and consequently the floccu-
lation rates. For Series A (narrow CCD), all polymer chains have about the
same chemical composition and help flocculate the sediments by a combined
mechanism of charge neutralization and bridging , thus increasing the settling

rate.

Figure 3.16 compares the CST of the samples flocculated with both polymer
types. In low dosages, Series B led to faster dewatering (smaller CST values),
which agrees with the formation of larger aggregates inferred from Figure 3.14.
At higher dosages, however, both polymers in both series perform similarly.
Thise may be attributed to the high dilution levels of the MFT samples: that is
because the system was dilute and the aggregates were much larger than in the
case of low dosages, the water was escaping the inter-aggregate structure with
no restriction so any moderate difference in size would not make a difference
in the final CST value.

Figure 3.17 compares the size (chord length) distributions of the aggregates
formed after adding flocculants from Series A and B. These plots show the
square-weighted chord length distribution when the largest aggregates were
formed for each flocculant samples at different dosages. To ensure the accuracy
of the results, FBRM tests were repeated for all four replicates in each series.
Figure 3.17, however, only shows one representative example from each series
and dosage. The FBRM plots confirm our hypothesis that at low dosages,
polymers in Series B (broad CCD) formed larger aggregates, but this trend

was reversed for dosages higher than 4,000 ppm, for which flocculants in Series
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Figure 3.15: ISR of Series A (narrow CCD) and Series B (broad CCD) after
flocculation of diluted MFT samples
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Figure 3.16: CST of Series A (narrow CCD) and Series B (broad CCD) after
flocculation of diluted MFT samples
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A (narrow CCD) made larger aggregates.
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Figure 3.17: Chord length distribution of aggregates formed by flocculating MFT

with Series A (narrow CCD) and Series B (broad CCD) at different dosages, mea-
sured by FBRM

3.4 Conclusions

Two cationic acrylamide copolymers were used to study the effect of average
molecular weight, average chemical composition, and chemical composition
distribution on the flocculation and dewatering of MFT. The average chemical
composition was the microstructural property which significantly affected how

the polymer interacted with the MF'T particles in all methods used to assess
flocculant performance.

The average molecular weight, however, did not significantly affect CST and
SRF values (within the relatively wide range examined herein, 90 000 to 1

450 000 g-mol™!, but it is conceivable that it would become a factor for much
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lower molecular weights). The chemical composition distribution of the floccu-
lants did not have a significant influence on their performance, but the small
observed differences were, interestingly, dosage-dependent. Our results sug-
gest that, depending on the polymer dosage and target settling rate, a narrow
CCD polymer may be preferred or vice-versa. It is important to note that
these findings should not be generalized to other flocculants (such as anionic

or graft copolymers) without further investigation.
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Chapter 4

Enhanced Dewatering of Oil
Sands Tailings by a Novel
Water-Soluble Cationic Polymer

This work investigates how poly(vinylbenzyl trimethylammonium chloride)
(poly(VBTMAC)) flocculates oil sands mature fine tailings (MFT). The chains
of this water-soluble cationic polymer contain pendant benzene rings that make
them partially hydrophobic. The positive charges on the poly(VBTMAC)
backbone neutralize the negatively charged MF'T clays, while the hydrophobic
benzene rings expel the water entrapped in the aggregates. VBTMAC can
be polymerized to produce long chains (comparable to the anionic polyacry-
lamide) with fast polymerization rates. Focused beam reflectance measure-
ment (FBRM) experiments showed that larger aggregates were formed using
higher molecular weight poly(VBTMAC), which is an evidence of the bridg-
ing mechanism. The flocculation performance of poly(VBTMAC) was tested
against commercially available anionic polyacrylamides for undiluted MFT by

measuring the extent of dewatering in filtration tests and the rheological prop-

A version of this chapter has been submitted as V. Vajihinejad, S. Gumfekar, J. Soares, “Enhanced dewatering of oil
sands tailings by a novel water-soluble cationic polymer” Environmental Science: Water Research & Technology, 2019
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erties of the sediments. Our results showed that poly(VBTMAC) is a better
flocculant in terms of ease of production, fast dewatering rate, and formation of
sediments with high shear strength, but required substantially higher dosages

to perform better than commercially available anionic polyacrylamides.

4.1 Introduction

Canada has the third largest oil sands deposits in the world, from which bitu-
men is extracted using large amounts of hot water and caustic. This extraction
process generates fluid wastes called oil sands tailings.[85] Although oil sands
deposits are a great energy resource, tailings pose serious environmental con-
cerns for Canada. Typically, mature fine tailings (MFT) contain fine negatively
charged clays ( 33 wt%), water ( 65 wt%), and fugitive bitumen ( 2-5 wt%).[86]
Mature fine tailing ponds in Alberta occupy an area over 176 km?, and this
area continues to expand with the further exploration of oil sands.[9] Its water
chemistry and solid components make it difficult for MFT to consolidate to

levels required for land reclamation even after decades.

The main goals associated with MFT treatment are: i) to enhance the settling
of solids, and ii) to recover the water trapped in the tailings. Over the last
couple of decades, oil sands companies used technologies such as composite
tailings, polymer-assisted flocculation, centrifugation, and freeze-thaw to ad-
dress the issues associated with MFT treatment.[87] Polymer flocculants can
destabilize clays in MFT using mechanisms such as bridging, charge patch-
ing, and charge neutralization, depending on their composition and physical
properties.[87] Commercial flocculants are water soluble polymers, such as
poly(AAm) and its ionic copolymers. Although ionic copolymers of acry-
lamide initiate the solid-liquid separation effectively, they generate sediments
that retain a significant amount of water within their loose network, perhaps
due to the limited adsorption of amide and carboxylic groups on the partially
bitumen-coated clays. The hydrophilic chemistry of these groups makes the
dewatering even harder. The majority of the existing commercial polymer floc-

culants cannot effectively promote fast release of clear water upon flocculation.
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A recent review article has described the merits of combining chemical and me-
chanical dewatering techniques that include polymer-assisted flocculation plus

filtration or centrifugation.[88§]

Some researchers have addressed this limitation by copolymerizing hydrophilic
with hydrophobic monomers, hoping that the hydrophobic groups incorpo-
rated into the copolymer backbone would cause the sediments to hold less
water.[89, 90, 91, 92] Botha et al. modified polyethylene, a completely hy-
drophobic polymer, with polar functional groups to reach a balance between
hydrophilicity and hydrophobicity in their novel flocculant.[11] Although the
performance of this novel flocculant was adequate, the synthesis route to make
functionalized hyperbranched polyethylene is complex and unlikely to be scaled
up effectively. Thermosensitive polymers such as poly(N-isopropylacrylamide),
poly(NIPAM), and its derivatives, have also been used to treat MFT.[47, 12,
93] By increasing the temperature, the conformation of poly(NIPAM) in aque-
ous solution changes from hydrophilic to hydrophobic. Although researchers
obtained compact sediments with poly(NIPAM) by heating them above the
hydrophilic-hydrophobic transition temperature, the cost involved in heating
large volumes of MEFT limits the use of these polymers.[94] Taking a different
look at this problem, some researchers recently proposed a method to increase
polymer hydrophobicity by degrading the flocculant within the sediments after
flocculation.[81, 15] The synthesis steps to make these polymers, however, are

complex and time-consuming.

Inspired by the positive effect of adding hydrophobic groups to the floccu-
lant, and according to the results of our previous study,[86] we decided to
use VBTMAC, to produce cationic partially hydrophobic homopolymers of
with high molecular weight. This cationic polymer is soluble in water in the
range of working concentrations for flocculation but also contains hydropho-
bic pendant benzene rings. The monomer, VBTMAC, also polymerizes faster
than currently used similar cationic monomers such as DADMAC. Although
poly(DADMAC) produces compact sediments with good dewaterability due to
its charge density and partial hydrophobicity, propagation to higher molecular
weights (in the range of millions) is limited because DADMAC polymerizes
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comparatively slowly and is prone to chain transfer and termination reac-
tions.[95, 96]) To produce high molecular weight poly(DADMAC) at reasonable
polymerization rates, DADMAC must be copolymerized with monomers such
as acrylamide, which increase its hydrophilicity and leads to higher water re-
tention in the sediments, as shown by our own previous results and results of
other researchers.[97, 98]

To the best of our knowledge, this is the first time poly(VBTMAC) is used
to flocculate oil sands tailings. In the present investigation, the molecular
weight of poly(VBTMAC) and its dosage were varied to study their effects on
the dynamics of aggregate formation and aggregate size. The ultimate dewa-
tering and sediment shear strength of undiluted MFT was also tested. Our
results support our hypothesis that poly(VBTMAC) is an effective flocculant
for treating MF'T.

4.2 Materials and Methods

Vinylbenzyl trimethylammonium chloride (VBTMAC) and initiators, 2,2°Azobis(2-
methylpropionamidine) dihydrochloride (V-50) and potassium persulfate (KPS),
were purchased from Sigma-Aldrich and used as received. Coanda Research

and Development Corporation in Alberta, Canada, supplied the MFT sample.

4.2.1 Synthesis of Poly(VBTMAC)

All poly(VBTMAC) samples were synthesized using homogeneous aqueous free
radical polymerization at 50 °C in a 0.5 L glass polyclave reactor (biichiglasuster®)
equipped with a temperature-controlled jacket, impeller, and a nitrogen inlet.
In free radical polymerization, polymer molecular weight is inversely propor-
tional to initiator concentration. The concentration of VBTMAC was kempt
constant at 0.5 M for all the polymerizations but initiator concentration was
changed to make poly(VBTMAC) flocculants of different molecular weights.
Table 4.1 lists initiator concentrations and the corresponding poly(VBTMAC)
molecular weights. Figure 4.1 shows our polymerization setup and the chemi-

cal structure of the repeating unit of the polymer.
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In a typical polymerization, a 2 M stock VBTMAC solution of monomer was
prepared with deionized (DI) water at room temperature. The initiator solu-
tion was also prepared with deionized water in small vials and purged with
nitrogen. A volume of 150 ml of 0.5 M monomer solution in DI water was
introduced in the reactor; the reactor was purged with nitrogen for 45 min
and then heated to 50°C by circulating hot water into the jacket. While the
reactor was still being purged for additional 15 minutes, the desired amount
of initiator solution was added to the reactor, and the polymerization was

allowed to proceed for at least 20 hours to ensure full monomer conversion.
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Figure 4.1: Experimental polymerization setup for VBTMAC and chemical struc-
ture of the repeating unit of poly(VBTMAC)

4.2.2 Characterization of Poly(VBTMAC) and MFT

The molecular weight of all polymers were measured by gel permeation chro-
matography (GPC) (1260 Infinity Multi-Detector GPC/SEC System, Agilent
Technologies). The GPC system includes three detectors: viscosity, refrac-
tive index, and light scattering. Two columns (TKS gel G6000PW XL-CP,
designed for cationic polymers) connected in series were used for better reso-
lution. The GPC was calibrated using polyethylene oxide standards provided
by Agilent Technologies. Water containing 0.3 M sodium nitrate and 0.01 M

monosodium phosphate was used as a mobile phase for the analyses. Table
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4.1 shows the molecular weight analyses of poly(VBTMAC) synthesized in this
study. The letters L, M, H refer to low, medium, and high molecular weight

samples respectively.

Table 4.1: Molecular weight analyses of poly(VBTMAC)

Polymer [M]/molL.=*  [I]/molL.™"  M,,/gmol™*
poly(VBTMAC)-L 0.5 0.036 250000
poly(VBTMAC)-M 0.5 0.001 750000
poly(VBTMAC)-H 0.5 0.000028 1700000

The molecular weight distribution of the high molecular weight anionic poly-
acrylamide was measured by field flow fractionation (FFF) instead of GPC
to obtain a better separation resolution. The experimental setup for the FFF
consisted of an AF4 instrument (AF2000, Postnova Analytics, Landsberg, Ger-
many), and a multi-angle light scattering detector and a refractive index de-
tector. The experiments were performed at room temperature. The mobile
phase was a 0.1 M NaCl solution. The detectors were calibrated using bovine
serum albumin (BSA) with molecular weight of 63900 and then tested using
two PEO standards with molecular weights of 2x10° and 4x10°.

Coanda Research provided the MFT analysis (Table 4.2). Focused beam re-
flectance measurement (FBRM) quantified the size of aggregates by measuring

their chord length. More details of the FBRM analyses are given in Chapter
D.
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Table 4.2: MFT sample composition

Analysis method  compound value
Major ions (ppm) Na*t 938
K+ 16.1

Ca?t 24.4

Mg?*+ 10.6

Dean-Stark (wt%) Water 65.5
Solids  33.3 (82.3% clays)

Bitumen 1.2

4.2.3 MFT flocculation and Dewatering Tests
Low Solids (Diluted) MFT

Focused beam reflectance measurement was used to measure the size of MF'T
aggregates treated with poly(VBTMAC)s of different molecular weight, to
understand the flocculation mechanism, and the quantify the impact of mixing
on dewatering metrics. FBRM experiments were carried out in diluted MFT
to avoid fouling of the FBRM probe by bitumen (which often happens in
high solids MFT is analyzed with this method), and to minimize the polymer
dispersion effect in the suspension.[99] Each flocculation used 200 mL of a 5
wt% solids slurry, made by diluting MFT with deionized water. The MFT
suspension (in the presence of the FBRM probe) was mixed at 300 rpm using
a 45 degree pitched blade impeller (4 blades, 4.8 cm diameter) and the desired

amount of the flocculant was added to the suspension at once.

A light microscope (ZEISS AXIO Scope Al) measured the fractal dimension
of aggregates at different stages of flocculation. A small aliquot of flocculated
MFT was diluted in water (about 25 times dilution), and upon a gentle mix-
ing, a small droplet was placed onto the microscope slide for observation. A

minimum of 50 magnified screen shots (in 5 different batches) were captured.
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The area (A) and perimeter (P) of the aggregates were measured by an image
analysis software (Image J) to calculate the perimeter fractal dimension, dpp,

using the following relation, [100)]

A oc p/drr) (4.1)

High Solids (Undiluted) MFT

The primary objective of this set of experiments was to find the ultimate
dewatering of MFT using a poly(VBTMAC) flocculant selected from the low
solids tests and to compare the results on a fair basis with results obtained
with a commercially available anionic polyacrylamide flocculant. The polymer
solutions were prepared using pond effluent water received from our industry
partner, to ensure it had the same water chemistry of the MFT. Polymer
solutions were prepared so that their viscosities matched that of the MET to
maximize mixing efficiency. To reach this specification, the poly (VBTMAC)
solution concentration was 0.5 wt% and that of anionic polyacrylamide (A-
poly(AAm)) was 0.1 wt%. To facilitate the flocculation by A-poly(AAm),
Ca?* was added to MFT from a calcium chloride solution in pond effluent

water prior to flocculation.

The flocculation was carried out in a 250 ml glass beaker stirred with a T-
shape overhead mixer. The polymers were added drop-wise to better disperse
in MFT, and the mixing continued until the largest aggregates were formed,
as determined by visual assessment. This dosing method allowed for the si-
multaneous determination of the optimum dosage and optimum mixing time.
The flocculated MFT was then transferred to an air-pressurized filtration cell
(Figure 4.2) and allowed to dewater for 4 minutes under 5 psig. After that
the solids content of the cake was measured by drying it in an oven. This
procedure was repeated four times to determine the experimental error. All
the four cakes were then combined in a single mass and transferred back to
the filtration cell, which was exposed to an air pressure of 5 psig for another
4 minutes. The resulting thick cake was tested for its shear strength using a

rheometer (Brookfield Rheometer) or a vane shear apparatus, depending on
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its strength.

Figure 4.2: The impeller and the air-pressurized filtration unit used for mixing
and dewatering of MFT.

4.3 Results and Discussion

4.3.1 Polymerization Kinetics

The polymerization kinetics of VBTMAC and DADMAC were compared to
demonstrate the advantages of replacing the more commonly used DADMAC
with VBTMAC. Both poly(VBTMAC) and poly(DADMAC) have similar cation-
icities. Abdollahi et al. had previously reported on the polymerization kinetics
DADMAC. Therefore, the polymerization kinetics of VBTMAC were measured
for the exact same conditions used by Abdollahi et al.[101]

Figure 4.3 shows that the polymerization rate of VBTMAC is significantly
faster than DADMAC. At low conversions (about 20%), we also compared the
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molecular weight of poly(DADMAC) and poly(VBTMAC), synthesized under

the same conditions, to be 2.5x10° and 1x10°, respectively.
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Figure 4.3: Kinetics of VBTMAC (T=50°C, [M]=1.0 M, [I]/KPS= 0.03 M), and
DADMAC (T=50°C, [M]=1.0 M, [I]/KPS= 0.03 M). DADMAC kinetics results is
obtained from the work of Abdollahi et al.[101]

4.3.2 Aggregate Formation and Dewatering

Figure 4.4 shows the real-time evolution of aggregate size at different dosages
of poly(VBTMAC)-M. As the dosage increased, the aggregates formed quickly,
grew to their largest size, and subsequently approached their final size. Increas-
ing the dosage of poly(VBTMAC)-M up to 7000 ppm increased the maximum
aggregate size, but substantially higher dosages (i.e 11000 ppm) reduced their
maximum size. This observation is attributed to polymer overdosing causing
steric and electrostatic repulsion among the aggregates, as reflected by ISR

and CST measurements discussed in the next section.

The inset graph of Figure 4.4 magnifies the first 20 seconds after the polymer
was added to the MF'T, revealing how the polymer flocculates MFT at different
dosages. The curves become steeper as the polymer dosage increases, except
at 11000 ppm. The slopes of these curves are proportional to the rate of

adsorption of polymer onto clay surfaces, leading to aggregate formation. This
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process involves neutralizing the negative charges on the clay surfaces with the
cationic charges on the polymer chains, and then bridging clays as the non-
adsorbed polymer segments (loops and tails) attach to the bare surfaces of

other colliding clay particles.

When the polymer dosage was raised to 11000 ppm, however, the cation den-
sity around the clay particles increased and hindered further electrostatic at-
traction between clays and polymer chains. A similar behavior was observed
for the high and low molecular weight poly(VBTMAC) samples. Adsorption
of polymer onto clays in a sheared suspension is a transport-limited process
wherein the adsorption time decreases as the polymer dosage increases, pro-
vided that the surface coverage is low and that polymer-clay collisions are not
hindered by the presence of excess polymers (such as overdosing at 11000 ppm

in these experiments).[102]

According to Gregory and Barany, the adsorption rate of polymer onto clays
can be viewed as the rate of loss of polymer from the bulk phase.[28] Equation
(4.2) quantifies the characteristic adsorption time at a given concentration of

solid particles,
—In(1—v)

X N (4.2)

tads =
where 1 is the fraction of total polymer needed to adsorb onto the clay surface
to induce the flocculation, k is the collision rate coefficient between polymer
molecules and clay particles per unit time, and N is the initial number of
particles per unit volume in the suspension. It is evident from the inset graph
of Figure 4.4 that increasing polymer dosage decreased the characteristic ad-
sorption time, which is explainable by Equation (4.2). The required polymer
fraction, 1, decreases with increasing polymer dosage, while the collision rate
coefficient k remains practically constant because the viscosity of suspension

does not change significantly with polymer dosage.

Figure 4.5 shows the evolution of aggregates size at a constant dosage of
7000 ppm for poly(VBTMAC) flocculants with different molecular weights.
The dosage of 7000 ppm was chosen because it was the best dosage of all
poly(VBTMAC) experiments. The time required for the sharp increase in
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Figure 4.4: Real-time evolution of floc size measured using different dosages of
poly(VBTMAC)-M. The insert of the figure shows the response up to 20 seconds

aggregate size (tqqs) increased for polymers with higher molecular weight, im-
plying that shorter chains are easier to adsorb on particles than longer chains
(likely due to mass transfer limitations). The increase in aggregate size with
polymers of higher molecular weights shows that the flocculation of MFT by
poly(VBTMAC) occurs due to a combination of charge neutralization and

bridging mechanism.

To further prove that the bridging mechanism was important in this system,
MFT was flocculated with pure VBTMAC (MW= 211.73 g.mol™!) using a
dosage of 7000 ppm (same cationic density as the poly(VBTMAC) experi-
ments). Much smaller aggregates were formed when the polymer was replaced
by its monomer because the monomer could only neutralize the clay charges,
but not bridge the clay particles (4.5). It is likely that when poly(VBTMAC)-
H (the flocculant with the highest molecular weight) is added to the MFT, it

neutralizes the negative charges on the clay particles via electrostatic interac-
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tions within a short time interval, but the polymer chains do not completely
flatten /relax onto the clay surface; they rather extend part of their segments
into the solution, making loops and tails. These positively charged loops and

tails attract and bridge other negatively charged clay particles in their sur-

roundings.
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Figure 4.5: Real-time evolution of average aggregate size measured using 7000
ppm of poly(VBTMAC)-H, poly(VBTMAC)-M, poly(VBTMAC)-L, and VBTMAC

monomer.

It is also important to understand the reason behind the gradual drop in aggre-
gate size after reaching its largest peak value. This behavior is observed when
bridging flocculation is involved and commonly attributed to several reasons:
i) restructuring of aggregates, induced by repeated aggregation/fragmentation
imposed by hydrodynamic shear forces, which leads to aggregates having the
same number of primary particles but a less porous and more compact struc-
ture (lower effective hydrodynamic size), ii) irreversible aggregate fragmenta-
tion due to polymer chain scission at very high shear rates, and 4ii) polymer

chain reconformation and relaxation on the surface of the particles, leading to
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less available surface area and less effective bridging.[103, 104, 105]

It is unlikely that chain scission happens to any appreciable degree in this
system because of the low shear rates of 300 s~ used to mix MFT and poly-
mer flocculants. Aggregate restructuring is also improbable as the size of the

aggregates decreased within a short period of time.

The fractal dimension at different times during flocculation was measured to
confirm aggregate restructuring was negligible, since restructuring is associated
with an increase in fractal dimension over time.[104, 105] Table 4.3 shows
2D fractal dimensions measured by image analysis at different times during
MFT flocculation with poly(VBTMAC)-H dosed at 7000 ppm. The fractal
dimension does not change significantly. Therefore, it seems that polymer
chain reconfirmation and relaxation on the surface of particles was responsible
for the observed change in aggregate size. As shown in Figure 4.5, aggregates
formed by VBTMAC do not change sizes after reaching their largest size,
which further supports this hypothesis.

Table 4.3: Perimeter fractal dimension of aggregates in time (7000 ppm
poly(VBTMAC)-H)

Flocculation time 6s 12s 18s 60s 240 s

D¢, 1.24 145 1.21 121 1.35

4.3.3 Ultimate Dewatering: A Comparison with An-

ionic Polyacrylamide

A series of experiments was designed to compare the ultimate dewatering of
high-solids MFT flocculated with poly(VBTMAC) and a typical industrial
standard linear anionic polyacrylamide (Ref-PAM). Figure 4.6 depicts the
molecular weight distribution of poly(VBTMAC) and Ref-PAM. Field flow
fractionation (FFF) had to be used for these analyses because GPC cannot

accurately measure the molecular weight distribution of Ref-PAM. More de-
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tailed discussion on the limitations of GPC and on the working principles of
FFF can be found elsewhere.[27]
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Figure 4.6: Molecular weight characterization of poly(VBTMAC) and Ref-PAM,
measured by field flow fractionation.

Capillary suction time was not used to measure the dewatering of these high-
solids tests its reading was affected by the large size of the formed aggregates,
especially when Ref-PAM was used. Large aggregates are difficult to place
uniformly in the CST cell, which gives erroneous readings. Therefore, filtra-
tion was selected as the alternative metric. In all flocculation tests, the mixing
intensity was kept as low as possible to generate uniform mixing while mini-
mizing aggregate breakage. The mixing rate for poly(VBTMAC) was 200 rpm
and for Ref-PAM was 300 rpm. Mixing continued until the largest aggregates
were formed for each flocculant. This is a common practice in field trial tests

of flocculants.

The results depicted in Table 4.4 shows the best performance of each flocculant

at their corresponding optimum dosage and mixing conditions.
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Table 4.4: Dewatering performance for the flocculation of whole MFT using
poly(VBTMAC)(PVB) and Ref-PAM

Flocculant Dosage/ppm (Ca?*+polymer) Final solid% Shear strength/kPa
poly(VBTMAC) 1400 + 8000 50.5+1.6 19.7£2.6 (55% solids)
Ref-PAM 1400 + 1000 42.54+3.8  4.2+0.8 (56% solids)
Ref-PAM + poly(VBTMAC) 1400 + 450 + 1900 53.940.9  1040.7 (57% solids)

Sediments flocculated with poly(VBTMAC) had higher solid contents and
significantly higher shear strength. The optimum dosages leading to such en-
hanced performance, however, is notably higher for poly(PVBTMAC), which
may make this polymer less attractive for dewatering tailings at large scales.
Lu et al. showed that combining cationic and anionic flocculants enhanced
the flocculation of tailings.[7] Inspired by their work, and hoping to reduce
the poly(VBTMAC) dosage, a dual system was used where the Ref-PAM was
added first, followed by poly(VBTMAC). In this case, the final solids content
of the sediments was higher than when either flocculant was used alone, and
the dosages of both flocculants were reduced substantially. It may be argued
that the overall polymer dosage of the dual flocculant (2350 ppm) is still higher
than for the Ref-PAM (1000 ppm), but this slight increase in dosage may be
worthwhile considering that the solids content increases from 42.5% to 53.9%
and the shear strength of the sediments more than doubles, changing from 4.2
kPa to 10 kPa.

Figure 4.7 shows a photo of the MFT cakes made with different flocculants
after being filtered for only 4 minutes at 10 psig. The photos show the marked
difference between the sediments generated only with Ref-PAM and those using
poly(VBTMAC). Tailings treated with Ref-PAM have a gel-like texture, while
the those treated with poly(VBTMAC), alone or in combination with Ref-

PAM, exhibit a much more compact, dry, and soil-like texture.
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Figure 4.7: Flocculated MFT cakes by different polymers after being filtered for
4 minutes at 10 psig

4.4 Conclusion

This investigation introduced a new polymer flocculant for the enhanced de-
watering of oil sands mature fine tailings. The monomer VBTMAC polymer-
izes rapidly in aqueous free radical polymerization to produce relatively high
molecular weight poly(VBTMAC) that appears to be a good candidate for
the flocculation of MFT. Focused beam reflectance measurement investiga-
tions showed that the flocculation mechanism was bridging induced by charge

neutralization of VBTMAC on clay surfaces.

Poly(VBTMAC) flocculate undiluted MFT more effectively than an indus-
trial high molecular weight anionic polyacrylamide, consistently producing
more compact aggregates that dewatered faster in a filtration apparatus to
generate sediments of higher shear strength. The only drawback of using
poly(VBTMAC) was the higher required dosages compared to the anionic
polyacrylamide. However, the combination of the two polymers led to a syn-
ergistic dewatering effect while substantially reducing the required dosage of
poly(VBTMAC).
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Chapter 5

Monitoring Polymer
Flocculation in Oil Sands

Tailings: A Population Balance
Model Approach

Oil sands mature fine tailings are stable suspensions of clay particles and resid-
ual bitumen in an alkaline aqueous medium. They are formed when bitumen is
extracted from oil sands using the Clark hot water process. Polymer flocculants
are widely used to flocculate and subsequently dewater these tailings, but our
knowledge is limited to empirical observations on how they work. A fundamen-
tal mathematical model would help monitor and design flocculation and de-
watering processes more efficiently. In this study, a population balance model
to describe the flocculation of mature fine tailings with novel poly(vinylbenzyl
trimethylammonium chloride) was used. A time varying function was defined
to account for the aggregate size evolution during MFT flocculation induced

by polymer chains relaxation and rearrangement on the particle surfaces. The

A version of this chapter has been published as V. Vajihinejad, J. Soares, “Monitoring polymer flocculation in oil sands
tailings: A population balance model approach” Chemical Engineering Journal, 2018, vol. 346, pp. 447-457.
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validity of the model was tested by varying the shear rate, mixing time and
flocculant dosage using focused beam reflectance measurements. The pro-
posed model is a first step towards a more rational and quantitative approach

to monitor and control treatment processes for oil sands tailings.

5.1 Introduction

Population balances are used to describe how the size and distribution of
particles in a population change as a function of time.[106] Marian von Smolu-
chowski, the godfather of stochastic physics, was the first to describe the aggre-
gation of monodisperse colloidal particles using population balances approx-
imately 100 years ago.[107, 108, 109] Since then, population balances have
been used to describe processes such as crystallization,[110, 111] polymeriza-
tion,[112, 113] granulation,[114, 115] coagulation and flocculation.[116, 117]

Flocculation is a process in which large aggregates are formed from fine par-
ticles with the help of long polymer chains (flocculant). Light weight fine
particles (in the range of micrometers) in wastewater or mineral processing
(waste streams) usually carry surface charges that significantly delay (or even
prevent) the aggregation and settling of the particles. Polymer chains adsorb
onto particle surfaces and accelerate the aggregation process, forming aggre-
gates up to a few millimeters in size, through bridging, induced by van der
Waals forces or by charge neutralization. Mixing promotes the flocculation by
enhancing the flocculant dispersion, adsorption, and not the least, the colli-
sion rates between particles and polymer molecules. Therefore, flocculation
is governed by two events: 1) aggregation due to contact of particles, and
2) fragmentation (breakage) due to fluid shear forces. To model the floccu-
lation, population balances must account for aggregation and fragmentation
events during flocculation processes. No general explicit solution exists for
these population balance equations, although some analytical solutions have
been proposed under simplifying assumptions.[106] The two numerical meth-
ods widely used to solve population balances involve discretization (Hounslow
et al.,[118] Kumar and Ramkrishna,[119] Spicer and Pratsinis[120]), and the
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method of moments (McGraw,[121] and Fox et al.[122]).

Several researchers have used population balances to describe the flocculation
of real or synthetic colloidal systems. For instance, Ding et al. used population
balances to describe activated sludge flocculation,[123] Ahmad et al. modeled
the flocculation of palm oil mil effluents,[124] and Heath et al. adapted popu-
lation balances to describe calcite flocculation in turbulent pipe flow.[103] Our

work is the first attempt to model the flocculation of oil sands tailings.

Canada’s oil sand deposits are the third largest oil reserves in the world. The
heavy crude oil (bitumen) they contain is extracted using large volumes of
warm water. The net water consumption (after subtracting the water recy-
cled back to the process) varies depending on the method of extraction. For
instance, every barrel of bitumen produced by surface mining consumes about
3 barrels of fresh water.[1] Since the first commercial production of bitumen
by surface mining in a Suncor mine in 1967, close to 600 km? of land have
been affected by oil sands mining, 180 km? of which are currently occupied by
tailing ponds. This area, more than 1.5 times the size of city of Vancouver,

continues to grow, posing considerable environmental concerns.|2]

Tailings are pumped to ponds, where sand settles quickly and is used to build
containment dikes. The solids suspended in fluid fine tailings (containing min-
eral particles with characteristic dimensions below 44 pm) remain in slurry for
as long as five years of gradual sedimentation, and eventually form a mud-like
slurry (30-40% solids by weight) called mature fine tailings (MFT). The vol-
ume of MF'T generated in this process is approximately 1.5 times larger than

the volume of bitumen extracted from oil sands.|2]

MFT is identified by its suspended minerals and water chemistry, which vary
depending on geological location and process. A typical MFT is a suspension
of fine mineral particles (mostly clays, 30-40% by weight), water (60-70%),
and residual bitumen (2-5%). MFT clays are mostly kaolinite and interlay-
ered kaolinite-smectite (35% by weight, 10-20 m?.g™!), and illite and interlay-
ered illite-smectite (60-65%, 65-100 m?.g~!), chlorite (3-5%) and swelling clays
(such as montmorillonite, 1-2%, 700-840 m?.g™').[4, 5] MFT water contains in-
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organic ions, and has a typical pH of about 8. The suspended particles have

net negative surface charges that prevent them from aggregating and settling.

Oil sands producers treat MF'T with technologies such as thin lift, rim ditch-
ing, consolidated/composite tailings, and centrifugation. Each has their own
advantages and disadvantages. For example, thin lift drying, where flocculated
tailings are spread and allowed to dewater over an area with shallow slope, is
a relatively inexpensive practice but requires large land area, while centrifuga-
tion or filtration of flocculated tailings may be effective dewatering methods

that do not require much space, but are also more expensive.|2]

Regardless of what method is used, polymer flocculants are the basis of most
of these treatment technologies. Polymer flocculants destabilize MFT particles
via bridging, charge patching, and/or charge neutralization. Current commer-
cial flocculants are designed to treat a variety of wastewater types, and are
highly soluble in water. They generally belong to the polyacrylamide family
and its ionic copolymers. When polyacrylamide-based flocculants are used to
treat MFT, they produce a loose cake with a gel-like structure that is hard to
dewater.[87]

Currently, the leading researchers in this field are trying to develop new poly-
mer flocculants designed to work in the challenging MFT environment. Most
of their effort, however, has been spent on evaluating potential flocculants
through indirect performance indicators such as settling rate, supernatant wa-
ter clarity, sediment solids content, dewaterability through capillary suction
time, shear monitoring, sieve testing, or pressure filtration.[125, 8, 126, 127,
128, 129, 88]

Several operating conditions, however, influence MFT flocculation: 1) floccu-
lant dosage, 2) flocculant microstructure (molecular weight, charge density,
comonomer composition, branching density, grafting frequency, polydisper-
sity), 3) water chemistry (pH, ion strength), 4) mixing time, pattern and
intensity, and 5) primary particle size and concentration of the suspended
solids.[28, 65, 130, 131, 132] All these variables affect the dynamics of aggre-

gate formation, flocculation mode, aggregate size, density, dewaterability, and
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compressibility. These conditions are key to evaluate the performance of new
flocculants, and the subsequent dewatering and consolidation of the sediments.
One of the crucial steps in the efficient design of dewatering processes is con-
trolling the flocculation process by polymers. Faced with so many variables,
we are convinced that a mathematical model that could quantify the effect of
at least some of these conditions on tailings flocculation would be extremely
useful to develop new flocculants and tailings treatment processes. Popula-
tion balance models can predict the size of aggregates, which is directly linked
to their settling velocities, this information is essential to determine the size
and efficiency of a treatment process, such as large scale thickeners. More
importantly, population balances can be integrated with computational fluid
dynamics (CFD) models to predict a full spectrum of aggregate size and con-
centration within a large-scale treatment unit experiencing large variations in

fluid mixing conditions.[133]

This chapter proposes an approach that may help fill this need: a population
balance model to describe MFT aggregate formation using the novel floccu-
lant poly(vinylbenzyl trimethylammonium chloride), poly(VBTMAC). This
approach, however, is not limited to poly(VBTMAC), but could be used with
other flocculants. Experimental MFT batch flocculation data obtained by in-
situ focused beam reflectance measurement (FBRM) was used to train the
population balance model and validate its predictions considering three indus-
trially relevant variables: shear rate, mixing time, and flocculant dosage. This
is the first step in a long-term research effort to establish quantitative methods
to correlate polymer type and treatment conditions to MFT flocculation and

dewatering performance.

5.2 Experimental

5.2.1 Materials

Vinylbenzyl trimethylammonium chloride (VBTMAC) and initiator, 2,2’-Azobis(2-
methylpropionamidine) dihydrochloride (V-50) were purchased from Sigma-
Aldrich. Shell Canada supplied the MFT sample.
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5.2.2 Flocculant Synthesis and Characterization

A partially hydrophobic cationic flocculant, poly(VBTMAC), was synthesized
by aqueous free radical solution polymerization at 50°C in a 0.5 L glass poly-
clave reactor (biichiglasuster®, Switzerland) equipped with a temperature-
controlled jacket, impeller, and a purging line. A 0.5 M VBTMAC solution
was introduced into the reactor and purged with nitrogen for 45 min at room
temperature followed by 10 min at 50°C. The initiator (0.001 M) was trans-
ferred from a previously purged solution into the reactor using a transfer nee-
dle. The polymerization was allowed to proceed for 3 hr. After that, polymer
was purified by precipitating it in acetone. The product was dried overnight in
a vacuum oven at 50 °C. Gel permeation chromatography (GPC, Agilent 1260
Infinity) measured the molecular weight distributions of the poly(VBTMAC)
samples. The GPC system included three detectors (viscosity, refractive in-
dex, light scattering) and two columns (TKS gel G6000PW XL-CP, designed
for cationic polymers) connected in series for higher resolution. The GPC was
calibrated using PEO standards provided by Agilent Technologies. An aque-
ous solution of 0.3 M sodium nitrate and 0.01 M monosodium phosphate in

deionized water was used as the mobile phase for the analyses.

5.2.3 MFT Characterization
Content Analysis

Solid, water and fugitive bitumen contents were measured by Dean-Stark ex-
traction.[134] Atomic absorption spectroscopy (AAS) quantified the concen-
tration of major ions (Na™, KT, Ca*", Mg?") in MFT. The original MFT had
about 35% solid, 62% water and 3% residual bitumen. Deionized water was
used to dilute the MFT sample when necessary. The detail results for the

MFT analysis were presented in a previous work.|[86]

Particle Size Analysis

A laser diffraction particle size analyzer (Mastersizer 3000, Malvern Instru-

ments Ltd, UK) was used to quantify the particle size distribution in the
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MFT sample. The Mastersizer tank was filled with deionized water and the
mixer speed was set to 2500 rpm without sonication. A few drops of diluted
MFT (2 wt%), previously mixed and sonicated to ensure full dispersion, was
added to the Mastersizer tank until obscuration came in the range (2-5%).
For the software calculations, the particle absorption index, particle refractive
index, and density were set to the following values: MFT: 1.0, 1.526, and 2.6
g.cm™3, respectively, and the model clay (illite): 0.1, 1.55, and 2.75 g.cm™3,
respectively. The same analysis was performed at least 3 times to ensure re-
producibility, and a weighted residual below 1% was chosen to verify good

results in each scan.

5.2.4 Flocculation Monitoring - Focused Beam Reflectance
Measurement (FBRM)

Flocculation experiments were performed on MFT diluted to 3 wt% solid in
deionized water in a 400 ml batch stirred beaker under different flocculant
dosages and shear rates. An FBRM probe (FBRM G400, Mettler Toledo,
USA) monitored the dynamics of aggregate formation. Figure 5.1 shows the
geometry of the flocculation vessel. Optics elements in the FBRM probe are
used to focus the laser beam (791 nm- near infrared) through the sapphire
window. The optic elements rotate, causing the laser beam to rapidly (2 to 8
ms~!) scan across aggregates flowing in suspension close to the sapphire win-
dow. When the laser beam hits the edge of an aggregate, part of the light
is backscattered. The backscattered beam is converted to a signal, and the
instrument measures the time taken for the beam to pass another edge of the
aggregate. Multiplying this time by the speed of the laser beam gives a dis-
tance called chord length.[135] FBRM makes no assumption about the shape of
aggregates, but it might misinterpret their number. For example, an aggregate
with irregular shape could be counted twice, or two aggregates in close vicinity
could be counted as one. The latter is a concern in highly concentrated slur-
ries, which is not a major problem in this study. The FBRM signal processing
unit classifies the edges of an aggregate, where a discrimination circuit mea-

sures the intensity decay rate of a reflected beam and decides whether or not
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it is sufficient to define an edge on the aggregate.[136] There are two modes for
signal processing: coarse (macro) and fine (primary). Deciding which mode
to use comes down to the process under study. In flocculation kinetics, where
the main interest is measuring the formation of aggregates, the coarse mode is
recommended if the solids concentration is low enough to minimize the over-
lapping of aggregates. Alternatively, the fine mode is favored if one needs
to track the population of fine particles.[137] External measurements, such as
image analysis or settling rates of aggregates, can provide additional insights

as to which signal-processing mode is favored for a given investigation.

FBRM probe
A —
5.5cm
24 cm
+“—r 1.4 cm
I 0.6 cm
v
X 7.7 cm i

Figure 5.1: Geometry of the flocculation vessel. The mixer was a 45 degree pitched
blade turbine impeller

FBRM Data Calibration

Population balances keep track of how the average aggregate size changes
during the flocculation. Since the proposed model assumes that the collid-
ing aggregates are spherical, the FBRM data needed to be correlated with

the sphere-equivalent diameter of the aggregates. In addition, to model any
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post flocculation process, such as the settling rate of aggregates, the sphere-
approximate diameter of the aggregates needed to be estimated. Unlike other
particle size measurement techniques, such as laser diffraction, FBRM mea-
sures the average chord lengths of the aggregates, not their sphere-equivalent
diameters. Aggregates counts measured by the FBRM probe are proportional
to the number of aggregates in the system, but do not represent their true
number. FBRM uses different averaging methods (mode, mean, and me-
dian), and assigns several weighting moments to the chord length distribu-
tion (unweighted, square-weighted, cube weighted, etc.). The higher moments
of the aggregate size distribution, such as square-weighted or cube-weighted,
are more sensitive to large particles, and thus are favored for studying ag-
gregation processes. Fawell and his team studied the correlation between the
average particle size of a series of sieved calcite and aluminum particles with
different average chord lengths measured by FBRM. They found out that the

mean square-weighted chord length (24

moment of chord length distribution)
correlated best with the average aggregate size measured with conventional
techniques (such as sieving or laser diffraction) in the range of 50-400 um.
The 2" moment was also unaffected by the focal position of the beams, and

valid for a wide range of particle concentrations (0.1-20% by weight).[138]

Based on these findings, the FBRM average chord data was calibrated with
sphere-equivalent average diameters measured with the laser diffraction. Cor-
relating chord lengths of the flocculated MFT aggregates with their sizes mea-
sured by laser diffraction was not satisfactory because the large aggregates
settled to the bottom of the Mastersizer tank, fragmented due to dilution
and mixing, and some adhered to the Mastersizer tank walls, perhaps due to
the presence of bitumen. To overcome this experimental difficulty, illite clays
were used for FBRM calibration. A piece of illite rock from the Clay Mineral
Society was first grounded, passed through multiple sieves, and subsequently
rinsed with water to wash out any fines that may had remained on the sur-
face of the larger particles. The clay fractions were then dispersed in 200
ml deionized water to generate suspensions of 2 wt%. It was not possible to

use other abundant clays in MF'T, such as kaolinite, because after grounding
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the frail kaolinite rock sample and dispersing its fractions in water, almost no
particles with sizes higher than 100 pum were recovered. The illite fractions
were analyzed using laser diffraction and FBRM under agitation. The mixing
speed should not affect the FBRM results appreciably since the laser beam
scanning speed is far larger than the velocity of the particles in suspension, as
confirmed in the work of Heath et al.[138] Two hundred channels (bins used to
generate the particle size distribution) were used by the FBRM software and
mean square weighted chord length data was collected in 1 to 4000 pm range.
Figure 5.2 shows the resulting calibration curve. The coarse mode correlation
in our model provided a better fit to the experimental data and a more realistic

aggregate size as confirmed by image analysis (see Figure 5.7).

500 . . ; :
FBRM ,=1.04"D(4,3)+44.84 Rsq=0.99
400 | FBRM=0.94'D(4,3)+18.73 Rsq=0.99

3001

¢ Fine Mode
O Coarse Mode| |

200

100

FBRM mean sqg-wt chord length ( zm)

100 200 300 400 500
Laser diffraction D(4,3) ( um)

o
o

Figure 5.2: Calibration curve of FBRM mean square-weighted chord length against
sphere-equivalent diameter by laser diffraction data

Image Analysis

Different techniques may be used to measure mass or 2D fractal dimension
of aggregates. The most common methods are static light scattering, settling
velocity, and image analysis.[139] Image analysis was chosen because static
light scattering only works well with small particles (for our system, the light

scattering equations are not valid because the size of MFT primary particles
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is comparable to the wavelength of the incident light),[100] and the settling
velocity method gave erroneous results because samples needed to be taken
in short time intervals, which could not be done easily in a batch system like
the one used in this study. A light microscope (ZEISS AXIO Scope Al) was
used to examine restructuring (change in aggregate fractal dimension) in the
flocculation experiments. In a typical experiment, the mixing was stopped at
random times (from 6 s to 4 min) in several batches. Then a small aliquot of
the aggregate (2 ml) was diluted in water (50 ml). After gentle mixing, a small
drop of the suspension was placed onto the microscope slide for observation.
A minimum of 10 magnified screenshots were captured and processed by an
image analysis software (Image J), where the area and perimeter of individual
aggregates were measured to estimate the perimeter fractal dimension (two-
dimensional) using Equation (5.1).[100] The same procedure was repeated at
least 5 times for each sampling time to ensure good statistics a minimum of
50 images from each sample). The correlation provided by Lee and Kramer
was used to estimate the mass fractal dimension using the perimeter fractal

dimension.[140]

A o p@/drr) (5.1)

where A, P, and dpp are aggregate projected surface area, perimeter and

perimeter fractal dimension, respectively.

5.3 Model Development

5.3.1 Population Balance Equation

Flocculation involves the simultaneous aggregation and breakage of aggregates.

Equation (5.2) is the population balance for an aggregate of size v[119]
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((91;’ ! :% /OU Qv — v, v )n(v — v, t)n(v', t)dv’ + /UOO L'(v, v")S(0)n (v, t)dv’

— /OOO Qv,v")n(v, t)n(' t)dv" — S(v)n(v,t)
(5.2)

where n(v,t) and n(v',t) are number of aggregates of size v and v’ in unit
volume at time ¢, respectively, Q(v,v’) is the aggregation kernel, S(v) is the
breakage kernel, and I'(v, v) is the breakage distribution function. The kinetic
terms @, S and I' will be defined in the next section. Equation (5.2) tracks
the change in the number concentration of aggregates (or particles) with size
v in the system. The first two terms in Equation (5.2) quantify the rate of the
events leading to the formation of aggregates of size v; the first term is the
rate of formation of aggregates of size v due to aggregation between aggregates
of smaller size v and v — v/, and the second term is the rate of formation of
aggregates of size v due to breakage of larger aggregates of size v'. The two last
terms quantify the rate of the events leading to disappearance of aggregates of
size v; the third term is the rate of disappearance of aggregates of size v due
to aggregating with all other aggregates (particles) in the system, and the last

term is the rate of disappearance of aggregates of size v due to breakage.

Equation (5.2) was solved using the discretized form of population balance
proposed by Spicer and Pratsinis,[120] which is a combination of discretiza-
tion framework proposed by Hounslow et al.[118] for aggregation events and
Kusters et al.[141] for breakage events. The mathematical framework begins
with discretizing the aggregate size distribution into a known number of numer-
ical channels (as many channels as needed to cover the size of all aggregates) in

such a way that the i channel contains aggregates ranging from size (volume)
Vi+1

V; '
the initial distribution (¢ = 0) is vy, then an aggregate of size v; contains 20~

v; to v;41, where = 2. If the minimum size among primary particles in

smallest primary particles (v;= 20~Yv;). Equation 5.3 is the discretized form
of Equation (5.2)
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where N; is the number concentration of aggregates with size (volume) v; at
time ¢, N;=/ """ n(v, t)dv.

5.3.2 Aggregation Kernel

Aggregation kernel, @, is a kinetic term that contains collision frequency and

capture efficiency

Qz’,j = 5z‘,j X Q5 (5-4)

where 3; ; is the collision frequency, and «; ; is the capture efficiency.

The collision frequency between aggregates from the i** channel and the j*
channel can result from Brownian motions, shear flow, or differential settling
(larger aggregates capture smaller aggregates as they settle to the bottom of
the tank). In a stirred tank, differential settling may be considered negligi-
ble. In the presence of shear flow (mixing), Brownian motion may also be
neglected. Saffman and Turner proposed the following equation for shear-

induced (orthokinetic) collision frequency in isotropic turbulent flow[142]

Bi; = 0.162G(d; + d;)° (5.5)

where d; is the effective collision diameter of an aggregate that contains 2¢—1
primary particles. Usually, aggregates are not compact spheres, but rather
porous fractal objects. Therefore, their effective collision diameters will be

larger than for spheres. The diameter d;, assuming unity packing density, is
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defined as[143]

d; = dy (21" (5.6)

where dp is mass fractal dimension of aggregates (1.0 < dp< 3.0).
In Equation (5.4), G is average turbulent shear rate (velocity gradient)[144]
€ X sus
G = (= s (57)

where € is the average energy dissipation rate in a stirred vessel[145]

3715
. NPQTD (5.8)

and N, 2 and D are the impeller power number, rotation speed, and diameter,
respectively. V' is the working volume of the vessel. Finally, pg.s and jig,s are

density and viscosity of the flocculating suspension[146]

where pg, p,, and pg,s are the densities of the primary solid particles, water and

slurry, respectively. ¢ is the volume fraction of primary particles in suspension

o wpsus
Ps

¢

(5.10)

and w is weight fraction of solids in slurry.

In the flocculating suspension, the volume fraction of solids (aggregates) is
larger than the volume fraction of the primary solids, since the aggregates
are porous. Therefore, the effective volume fraction of the aggregates in the
suspension can be described by the fractal geometry of the aggregates[147,
148, 103]
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¢Zf _ (djgg)?)dp (5‘11)

where d, and d,,, are average size of primary particles and aggregates, respec-

tively.

The viscosity of flocculating suspension can be then calculated using Equation
(5.12),[103, 149]

Peff -
Hsus = M()(l - i) 2 (512)
¢mam
where 1 is the viscosity of the suspending liquid (water in this investigation),

and @, is the maximum solid fraction (0.6 - 0.7).

Due to hydrodynamic forces and electrostatic repulsion, not every collision
between aggregates leads to further aggregation. The capture efficiency is the
probability of aggregation upon collision. Hogg derived a mathematical rela-
tionship to estimate the capture efficiency for polymer-induced flocculation.
Using probability theory, Hogg showed that if n; and n; are the number of
adsorption sites on the surface of particles ¢ and j, and @ is the fraction of
surface covered with polymer, the capture efficiency between particles 7 and j

can be expressed as[150]

Qg =1— 0%t — (1 — )it (5.13)

Although the size of colliding bodies is considered in Hogg’s treatment of cap-
ture efficiency, he did not include the effect of hydrodynamic forces. Kusters
used trajectory analysis proposed by Adler to define a capture efficiency func-
tion that considers hydrodynamic interaction as well as sizes of colliding bod-
ies. Selomulya et al. adopted Kusters’s treatment to define an equation for

capture efficiency in discretized population balance models[104]
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exp(—x(l - 1)%)

%) (5.14)

Q5 = Omax
where x and y are fitting parameters, ¢ and j are numerical channel num-
bers, and 4, is the maximum capture efficiency, which is usually treated
as a tuning parameter. Runkana et al. estimated the capture efficiency as
a function of interaction forces between polymer-coated particles undergo-
ing Brownian (perikinetic) collision, which is not adequate for our experi-
ments.[116] Figure 5.3 is a typical FBRM response of MFT flocculation in-
duced by poly(VBTMAC). The initial lag time before aggregation takes place
is the time the polymer chains need to disperse through the slurry, reach and
adsorb onto the surface of the particles. Since the physical adsorption of the
polymer chains is relatively fast, the process is limited by the mass transfer
rate of the polymer chains through the slurry, which is a function of shear rate,
polymer solution viscosity, slurry viscosity, and number concentration of parti-
cles. After the polymer has adsorbed enough to start forming aggregates, their
sizes grow quickly up to a maximum size, after which aggregate size drops until
eventually reaching a steady-state value. This trend is typical of flocculation
induced by bridging, and researchers have used different approaches to address
this trend in their models. For example, Jeldres et al. attributed this trend to
the restructuring of aggregates stemmed from shear-induced aggregation, frag-
mentation, elongation and compaction of aggregates.[105] They used Equation
(5.14), and introduced a restructuring term in their population balance model
by defining a time-varying function for fractal dimension (the aggregate fractal

dimension increased as a function of time due to restructuring).

Heath et al. observed the same trend (initial increase in aggregate size, fol-
lowed by a gradual drop before attaining a steady-state size) for the floccula-
tion of calcite with high molecular weight anionic flocculants in turbulent pipe
flow.[103] To address this behavior, they considered a constant fractal dimen-
sion for the aggregates, attributed the size drop to polymer degradation (due
to carbon chain scission or rearrangement), and defined a degradation term

in the breakage kernel to take into account this phenomenon. It is, however,
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unlikely that shear-induced chain scission is appreciable in our system because

the drop would happen even at relatively low shear rates and short times.

It can be hypothesized that this phenomenon could be explained by polymer
rearrangement, that is, chain relaxation on the surface of the particles and
subsequent reduction in the number of surface active sites and shortening of
the length of polymer chains dangling into the liquid phase, as shown in Figure
5.3.

To test this hypothesis, a series of poly(VBTMAC) flocculants of different
molecular weights were used as flocculants, at their optimum dosages. The re-
sults show that bridging (induced by charge neutralization) was the main floc-
culation mechanism in the system. Polymers with different molecular weight
averages were synthesized, and MFT flocculation was monitored by FBRM
(please see 4 for more discussions). Polymers of higher molecular weights
needed longer times to reach steady state, an indication of the dynamics of
polymer chains rearrangement. Since the mentioned deteriorated bridging
mainly affects the aggregation process, such deterioration effect was included
in the aggregation kernel by defining an empirical time-varying function for

the capture efficiency

f(@) = (Qmaz — Qmin)e ™" + Qin (5.15)

where ., is maximum capture efficiency, a,,;, is minimum capture efficiency

(after reaching steady state size), kq is capture efficiency decay constant (s™1).
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Figure 5.3: Typical FBRM response of MFT flocculation by poly(VBTMAC)

5.3.3 Breakage Kernel

The breakage kernel (breakage rate coefficient) for shear-induced breakage
of aggregates suggested by Pandya and Spielman was used in the proposed
model[151]

SZ' = SlGSQdZ‘ (516)

where s; and s, are system-specific constants. For simplicity, binary breakage
was assumed, so the breakage distribution function reduced to the simpler
form. Spicer and Pratsinis showed that the choice of breakage distribution

function does not appreciably affect the final aggregate size distribution.[120]

/l)'
L= (5.17)

i
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5.3.4 Model Solution and Parameter Estimation

The population balance in Equation (5.3) was solved using a variable-step,
variable-order solver based on numerical differentiation formula (NDFs) for
stiff ODEs (odelbs in MATLAB). The model parameters were estimated by
minimizing the objective function given in Equation (5.18) using particle

swarm global optimization (PSO)

F(amaxa ) 82) = Z(demp. - dmodel>2 (518)
t=0
made4
iy Nid, (5.19)

dmo e max
del — z ng

where F(nqz,-.-,52) is the objective function for parameter estimation, and d

is volume-average diameter of aggregates.

The following quantitative criteria were used to validate model fit and predic-
tions:[82]

i) Coefficient of determination (R?, 0< R?< 1.0 ): to examine how close model
predictions were to experimental measurements

JTGT (dexp,j - dmodel,j)2

RP=1- =~ _ (5.20)

J
jz(fc (de:vp,j - dewp,mean)2

ii) Pearson correlation coefficient (PCC, -1.0< PCC< 1.0): to quantify the
linear correlation between model responses and experimental measurements

(how well the model captures the trends in aggregate size evolution)

]:TI (de:tp,j - dea;p,mean)(dmodel,j - dmodel,mean)

PCC = : =1

( jT:miI (depr - de:cp,mean)2 ;Ziz (dmOdElyj - dmodel,mean)2)1/2

(5.21)

iii) Mean absolute percentage error (M APFE): to measure the prediction ac-
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curacy of the model

jmaw
100 dea:p,j - dmodel,j

MAPE = — Y|

Jmazx j=1 dexp,j

where j,... 18 the size of data set.

Table 5.1 summarizes the model equations, values and solution steps.

Table 5.1: Model summary

(5.22)

Model terms Reference
Population balance (PB)

dN; i—2 o5j—it+1 1 i—1gj—i

T = L= 2T T Qi1 Nica Ny + S Qi1 Ny — Ni X501 27T N [120]

imaz.1 imam.2
= N T Q4 Ny = SiNy + 50 T SN

Aggregation kernel
Qi j = [0.162G(d; + d;)%] X [(¥maz — dmin)e” Fd? + amin]

Breakage kernel
S; = s1G%2d;

Breakage distribution function
]

7 vy
Definitions and initial values
d; = d (2" HYIF dy = 0.27um

G = (£XPsusy1/2
l"sa'u.ss
Ny N°D
e= P 7 N, =1.27,D=48cm,V =0.2L

psus = psd + puw(l — @), ¢ = PLIS W =0.03, ps = 2.60gem >
¢eq{f _ (dziyg )3—dF7dS = 16.5um

¢ _
Hsus = po(l — ﬁ%) 27¢‘maz = 0.65

Unknown parameters
Amaz ¥min € [0,0.6], kg, s1,(s2 > 1.0),dp € [1, 3]

PB solution with known parameters
variable-step, variable-order solver based on numerical differentiation
formula (NDFs) for stiff ODEs (odel5s in MATLAB)

max N; dlfl

— i=1
dnlodel = Zmalm deg
i= 6%

PB paremeter estimation
objective function: F(amaz,--; $2) = ;’;‘lgw(demp_ - dmodel)2
minimization was done by MATLAB PSO tool box

Validating model fit and prediction

Jmax 2
ST (degp,j —dmodel,j)

coefficient of determination : R? = 1 —

2]1:”{1"5 (dczp,j*‘jezp,'mean)Q

J
SIPE (dewp,j —dexp,mean) (dmodel,j ~Fmodel,mean)

Pearson correlation coefficient : p

d

) d o )
mean absolute percentage error : MAPE = -100_ s~Jmaz | _€TD,J model.j |
Jmazx j=1 dexp,j

(SJPP (degp,j —dewp,mean)? SITH (dyodel, i~ dmodel,mean)?)

[142], this study

[151]

[120]

[143]

[144]

[145], this study

[146, 21], this study
[103],[147], [148], this study
[103], [149]

(82]

102



5.4 Results and Discussion

5.4.1 Initial Population of MFT Particles and Conver-
sion of FBRM Data

The solution of Equation (5.3) requires the initial size and number density dis-
tribution of particles in the MFT before the flocculation begins. The volume-
based particle size distribution (PSD) data obtained by laser diffraction was
used to generate the initial population of primary particles. Figure 5.4 shows

PSD of MFT obtained by the Mastersizer laser diffraction instrument.

w
T

Volume fraction (%)

10”! 10° 10’ 107 10°
Particle size- equivalent spherical diameter ( um)

Figure 5.4: MFT initial PSD

The following set of equations were used to generate the number density dis-

tribution of primary particles from experimental PSD, satisfying the relation

Viia
=2
Vi
gb X ’U(doz‘)
No; = ———= 2
: Vo, (5:23)
Vou =207 (5.24)
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where Ny,; and V;; are the number concentration and volume of primary par-
ticles of size d; registered in the i** channel, respectively. The parameter V; is
the volume of the smallest primary particle in the population (0.27 pm), ¢ is
the volume fraction of primary particles in the MF'T sample calculated using
Equation (5.10), v(dp;) is the volume fraction of primary particles of size d;

estimated by linear interpolation using initial PSD data in Figure 5.4

ey — M) o)
Rl

(do; — di™) + o(di7h) (5.25)

and d;* and d;}" are the experimental volume fraction of primary particles
appearing immediately before and after dy ;, respectively. Figure 5.5 shows the
number concentration distribution (m~3) of primary particles assigned to 31
numerical channels containing MFT particles ranging from 0.27 pym to 270 pm
(full size range), with the majority of them being sub-micron. The values in
Figure 5.5 are used as initial conditions in the solution of population balances,

any generated aggregates are then assigned to one of these channels.
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Figure 5.5: Distribution of number concentration of primary particles registered
in 31 channels

The method explained in Section 5.2.4 was used to estimate the size of aggre-
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gates over time using FBRM data.

5.4.2 Fractal Dimension

Figure 5.6 shows the estimated mass fractal dimension from the calculation
of perimeter fractal dimension using image analysis as explained in Section
5.2.4. Given the analysis error, the fractal dimension did not change apprecia-
bly (no aggregate restructuring) during the short period of flocculation, and
could not explain the considerably large drop in aggregate size before reach-
ing steady state sizes (Figure 5.3). Figure 5.7 shows a typical screenshot of
MFT aggregates flocculated by the partially hydrophobic flocculant used in
this study.
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Figure 5.6: Estimated mass fractal dimension by image analysis for different mix-
ing times. This set of data is for G= 390 s~! and dosage= 5000 ppm

5.4.3 Fitting the Model to Experimental Data

The solution of the population balance model, Equation (5.3), was fitted to
the flocculation experimental data obtained from FBRM. Figure 5.8 shows the
experimental data and the fitted model. Table 5.2 shows the estimated model

parameters and the model statistics for the fit present in Figure 5.8.
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Figure 5.7: A typical image of MFT aggregates flocculated by poly(VBTMAC).
This image is for condition of G= 390 s~! and dosage= 5000 ppm

It is worth mentioning that use of the fractal dimension estimated in Section
5.4.2, did not allow for a good fit between the model and experimental data.
To estimate the fractal dimension that would fit the model to experimental
data, the fractal dimension was treated as a tuning parameter and the particle
swarm global optimization (PSO) algorithm was used to fit the model to the
experimental data. Surprisingly, the fractal dimension estimated by PSO was
2.96 (very close to sphere fractal dimension). We attribute this discrepancy to
the inaccuracies in the value of the shear rate given to the model as an input.
The shear rate given in Equation (5.7) is a good estimate of the average shear
rate for the whole system, but the FBRM probe is located in a stream of
flow close to the tip of the impeller, where the shear rate could be 5 to 10
times higher than the average shear rate defined in Equation (5.7).[152] A
higher fractal dimension (in this case 2.96) would correct for the difference
between estimated and true average shear rates. Another minor discrepancy
is that the fractal dimension estimated by image analysis underestimates the

actual fractal dimension mainly due to the dilution effect on the structure
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of aggregates. Figure 5.9 shows how peak aggregate size depends on shear
rate and fractal dimension in our model (keeping all other parameters fixed
at some arbitrary values). The plot shows that, to obtain the same aggregate
size range, one needs to decrease the value of the fractal dimension when
increasing the shear rate. It is also worthy to note that there is a distribution
of flocculation responses within our system, the magnitude of which depends
on the mixing conditions. In other words, different aggregation states exist
within the tank due to the turbulent shear distribution (the shear is maximum
at the tip of the impeller, leading to maximum breakage, and minimum near
the vessel walls). One may observe different flocculation responses by probing
at different locations in the flow stream within the vessel. Our model, on the
other hand, uses the average shear rate in the system to find average aggregate
sizes as a function of mixing time. Therefore, the distribution of shear rates
is "lumped” into a single average shear rate value. Provided that the model
parameters are estimated for a given system, the distribution of shear rates
should not affect the model predictions, and the model could be useful for

quantifying the effect of different conditions.

107



O Experimental Data
— Fitted Model

700

600

; pm)

N

o

o
T

w

o

o
O

200 1 .

Mean aggregate size

100 |

0
0 50 100 150 200
Mixing time (s)

Figure 5.8: Model (continuous line) fitted to experimental data (circles) of the
evolution of mean aggregate size of MFT particles (3wt.%) over time flocculated with
a partially hydrophobic cationic flocculant (poly(VBTMAC)) (batch flocculation,
G= 310 s~! (235 rpm), flocculant dosage= 5000 ppm (mg polymer/kg dry particle),
pH=8.6)

Table 5.2: Estimated model parameters and statistics (G= 310 s~! (235 rpm), 3
wt% MFT, 5000 ppm flocculant)

Omax Omin kd S1 S2

0.0049 0.0016 0.018 0.22 1.73

R? PCC MAPE

0.88 0.94 7.3
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Figure 5.9: Simulation of aggregate peak size as a function of shear rate and
fractal dimension- all other variables were kept constant at some arbitrary values
in the model. The same aggregate size range could be achieved by decreasing shear
rate while increasing fractal dimension and vice versa

Given the relatively large number of parameters that need to be estimate, the
stability, computation time, and accuracy of the population balance solution
and parameter estimation are influenced by the boundaries on the tuning pa-
rameters. The upper limit on a4, could be estimated from trajectory analysis
of particles by Van de Ven and Mason, where they derived an empirical expres-
sion for the capture efficiency in the presence of hydrodynamic interactions,
and absence of electrostatic repulsion for the colliding particles of the same

size (i.e. maximum probability)[153]

A
Umaz,limiting = MNa) == 018 5.26
where f(\/a) represents retardation effects, a is particle size, A is the Hamaker
constant of the system. Plugging appropriate values for our MFT system, the
limiting capture efficiency was estimated to be 0.06. As such, the lower limit
of sy is 1.0 since in flocculation, breakage is more sensitive to shear than

aggregation.
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5.4.4 Effect of Shear Rate

To verify whether the model could quantify the effect of changing the average
shear rate during flocculation, flocculations at different shear rates were per-
formed by varying the mixing rate while keeping all other conditions the same.
Figure 5.10 compares model predictions and experimental results at different

shear rates using the parameters in Table 5.2.

1000 T T T

Mean aggregate size ( um)

0 50 100 150
Mixing time (s)

Figure 5.10: Effect of shear rates on the evolution of mean aggregate size of
MFT particles (3wt.%) over time flocculated with a partially hydrophobic cationic
flocculant (poly(VBTMAC)) (batch flocculation, flocculant dosage= 5000 ppm (mg
polymer/kg dry particle), pH= 8.6). Model is continuous line and experimental
data are symbols
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Table 5.3: Model prediction statistics in different shear rates (3 wt.% MFT, 5000
ppm flocculant)

Average shear rate R? PCC MAPE

160 s~1(150 rpm 0.62 091 10.6

250 s71(200 rpm 0.80 091 8.9

390 s1(275 rpm 093 097 7.9

)
)
)
)

(
525 s1(340 rpm)  0.86  0.93  10.7

Figure 5.10 and Table 5.3 show that the proposed model quantifies well the
effect of mixing rate on aggregate formation without the need to readjust any
model parameter. When the shear rate increases, the flocculation starts ear-
lier (due to the enhanced adsorption rate of polymer on the suspended solid
particles), but the average aggregate size is smaller because the breakage rate
increases more than the aggregation rate (i.e. exponent 1.7 vs. 1.0). The
model did not describe well the size of aggregates around the peak position

1 and to a lesser extent for 250 s~!, but described

for a shear rate of 160 s~
the approach to steady-state sizes adequately for all mixing rates. We argue
that this deviation does not point to a model deficiency, but rather to the
fact that at relatively low mixing rates larger (heavier) aggregates settled to
the bottom of the beaker and were not detected by the FBRM probe. Lower
mixing rates are normally preferred because they consume less energy and
form larger aggregates (lower breakage rate). Excessively low mixing rates,
however, disperse polymer flocculants and solids nonuniformly in the slurry.
Consequently, an optimum mixing rate must be found, depending on which
particular performance response (sediment dewatering or aggregates settling
velocity) one is trying to optimize by mixing conditions at a given solids con-

centration, polymer flocculant type and microstructure.
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5.4.5 Effect of Flocculant Dosage

When more flocculant is added to the suspension, the capture efficiency in-
creases because a higher number of cationic chains become available to neu-
tralize the surface of the suspended particles and link them via the bridging
mechanism. However, if too much flocculant is added (>11,000 ppm in our
case) the charge of the system is reversed and the suspension becomes stable
again. A good indication of overdosing is the change in supernatant turbidity.
The turbidity of MFT supernatants depends on flocculant dosage. The tur-
bidity initially decreases, as more polymers chains were available to capture
suspended particles, but after a certain point the clarity of the supernatant
starts to decline (deteriorated fine capture capacity) due to excessive polymer

coverage of the particle surface and restabilization of the system

The capture efficiency function in the model includes three parameters, the
maximum probability of aggregation, a decay constant (a function of polymer
chain relaxation on the particle surface), and the minimum probability of ag-
gregation that is reached after chain relaxation dynamic has reached steady
state on the particles (fewer points of contact). Since flocculant chain relax-
ation on the surface of the particle is mainly affected by the nature of polymer
chains and the electrostatic charges of the particles (in a moderate window
of flocculant concentration), the capture efficiency decay was assumed to be
constant and independent of dosage. Flocculations were performed at several
dosages to construct a correlation between capture efficiency and flocculant
dosage (Figure 5.11), while keeping all other parameters in the model con-
stant (kq, s1, S2, dF).

The model predicted well the impact of flocculant dosage on aggregate forma-
tion as shown in Figure 5.12. Higher dosages increased the average aggregate
size mainly due to enhanced charge neutralization of the polymer in the sus-
pension that increased the capture efficiency of the colliding particles. Adding
more flocculant increased the average aggregate size, mainly due to enhanced

charge neutralization by the polymer.
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Figure 5.11: Effect of flocculant dosage on the capture efficiency. Data is for
MFT particles (3wt.%) flocculated with a partially hydrophobic cationic flocculant
(poly(VBTMAC)) (batch flocculation, shear rate= 340 s~! (mg polymer/kg dry
particle), pH= 8.6).
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Figure 5.12: Effect of flocculant dosage on the evolution of mean aggregate size of
MFT particles (3wt.%) over time flocculated with a partially hydrophobic cationic
flocculant (poly(VBTMAC)) (batch flocculation, shear rate= 340 s~! (mg poly-
mer/kg dry particle), pH= 8.6). Model is continuous line and experimental data
are symbols
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The population balances model in this work was applied to describe floccula-
tion of tailings with low solids content. In field applications, however, tailings
with higher solids concentration (at least above 15%) are normal. Increas-
ing solids concentration substantially increases the viscosity of the suspension.
As Heath et al. showed for calcite treatment,[103] this would also increase
the breakage rate of aggregates, but our preliminary unpublished studies in-
dicate that their proposed model does not work well for MFT. Therefore, a
new function would need to be included in the population balance model to
account for the effect of high solids concentration. Therefore, upon generat-
ing sufficient data at increasing solids concentration, the population balance
model proposed herein could be modified to describe the flocculation of more

concentrated slurries.

Two main challenges are associated with modeling tailings with high solids

content:

1) Conventional batch stirred tank experiments may not be suitable set-ups for
high solids, mainly because the nonuniform mixing of high-viscosity slurries
generates substantial shear gradients in the system. The latter may be taken
into account by coupling the proposed population balance model with a CFD
model,[133] at the expense of generating a rather complex model. An alter-
native system, such as a turbulent pipe flow or a stirred tank with multiple

baffles, may solve this problem to some extent.

2) Our experiments showed that at high solids MFT (e.g. 20%), the FBRM
probe is rapidly covered with bitumen/organics present in MEFT, leading to
inaccurate readings of the probe. One needs to solve this operational problem
in order to collect reliable data for the model at high solids content. One way
to minimize this limitation would be to clean the sapphire window periodically

without significantly perturbing aggregate formation.
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5.5 Conclusion

This study was the first effort to model polymer-promoted flocculation in oil
sands tailings. Population balances were developed and online in-situ FBRM
experimental data were used to model polymer flocculation of oil sands mature
fine tailing (MFT) in a batch stirred tank set-up. The population balances
were developed according to the successful mathematical framework proposed
by Hounslow et al.[118] and modified by Spicer and Pratsinis.[120] Focused
beam reflectance measurements responses of MF'T flocculated with a partially
hydrophobic cationic flocculant showed a sharp increase to maximum aggre-
gate size and were followed by a reduction in the aggregate size until a steady
state was reached. In the absence of appreciable restructuring, this behavior
was attributed to the dynamics of chain relaxation on the surface, thus reduc-
ing the probability of aggregation. A new decay capture efficiency function,
defined in Equation (5.15), was included in the population balance model to

account for this behavior.

Nonuniform shear in the mechanically-stirred batch set-up invalidated the use
of aggregates fractal dimensions obtained from external experiments, thus a
particle swarm optimization technique was used to extract the mass fractal
dimension according to FBRM responses, correcting for the inaccuracies in
the application of a mean-shear value in the model. The proposed model
could successfully predict the effect of the three most relevant parameters for
industrial applications on aggregate formation: shear rate, mixing time, and

flocculant dosage.
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Chapter 6

Conclusions and

Recommendations

6.1 Conclusions

The main objective of this thesis was to study the treatment of oil sands tail-
ings using different polymer flocculants. Investigation of the effect of polymer
microstructure on flocculation and dewatering oil sands tailings. A system of
cationic copolymers was chosen to accomplish this objective. Polymer reac-
tion engineering tools were used to make a series of cationic copolymers of
acrylamide with different molecular weight and chemical composition. Design
of experiments and concepts of polymer reaction engineering allowed for a
meaningful investigation over the impact of average molecular weight, aver-
age chemical composition, and chemical composition distribution of cationic
copolymers of acrylamide, DADMAC and VBTMAC on flocculation, aggre-

gate formation, and dewatering of oil sands tailings.

The results showed that for the design of an “optimum” polymer flocculant,
one must bear in mind the flocculation/dewatering metrics used to measure
its performance. For instance, when producing (at least) cationic copolymers,
if the metric of interest is how fast a sediment dewater, then one may not

be concerned with the molecular weight of the flocculant, provided that the
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average molecular weight does not limit handling and mixing of the polymer
solution with tailings. This was evident in CST and SRF tests, where these
metrics were shown to be a strong function of flocculant chemical composition
but not of flocculant molecular weight. In contrast, if the metrics of interest
is how large the aggregate become (the case of settling in thickeners), then

polymer molecular weight takes a decisive role in flocculant design.

It was also observed that CST and SRF tests consistently produced similar
trends in terms of polymer properties effects. This may suggest the use of the
faster CST method over the more time-consuming and tedious SRF method
whenever possible, at least for performance characterization of low solids tail-
ings. In terms of the effect of chemical composition distribution (CCD) of
polymer flocculants, experimental results show that the CCD of flocculants
indeed affected the flocculation results, specifically the formation of aggre-
gates. More interestingly, this effect was found to be different depending on
the dosage of the flocculant. For instance, flocculants with broader CCD form
larger aggregates compared to flocculants with narrower CCD in low (starv-
ing) dosage ranges. These conclusions are likely not restricted to oil sands

tailings, and could be applied to similar low solids wastewater systems.

Based on the results summarized above, a new cationic homopolymer floc-
culant was synthesized. This novel flocculant could effectively place cationic
copolymers of acrylamide, while imparting partial hydrophobicity to the floc-
culant to enhance dewatering of oil sands tailings. The novel flocculant,
poly(VBTMAC), contains a quaternary ammonium cation with a pendant ben-
zene ring in its repeating unit. Poly(VBTMAC) homopolymers with molecular
weight over one million could be produced within a short conversion time using

free radical polymerization.

Focused beam reflectance measurements were used to track down aggregate
formation using poly(VBTMAC) of different molecular weights, showing that
the underlying flocculation mechanism was bridging induced by charge neu-
tralization. It may be hypothesized that presence of benzene rings on the
backbone would enhance the dewatering of tailings using poly(VBTMAC).

The ultimate performance of this polymer for dewatering was tested using
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undiluted MFT against an industrial standard flocculant, anionic polyacry-
lamide. Poly(VBTMAC) consistently made sediments with higher dewatering
rates and, more interestingly, much higher shear strengths in the sediments
compared to anionic polyacrylamide. One limitation in replacing anionic poly-
acrylamid with poly(VBTMAC) is the substantially higher dosage required
to obtain the optimum performance with the latter. However, combining
poly(VBTMAC) with anionic polyacrylamid kept the same performance and

reduced the required dosages of the flocculants.

The development of a mathematical model to describe the kinetics of aggre-
gate formation in tailings with poly(VBTMAC) was also the subject of this
research. Population balances were used to describe this process, and FBRM
measurements were used to collect experimental data and train the proposed
model. A time-dependent function was proposed and introduced in the model
to account for the poly(VBTMAC)-promoted aggregate size dynamics in low
solids tailings. The validity of the model was tested by varying the relevant
operating parameters including shear rates, mixing time, and polymer dosages.
The proposed model is the first of its kind towards a more rational and quan-

titative approach to control flocculation in oils sands tailings.

In addition to the core work done in this thesis, a few side studies were also

performed, as described below:

i) A radically different approach in dealing with oil sands tailings was proposed
in which the clays suspended in MFT were used as reinforcement agents for
the in-situ production of polyurethane composites. Results showed that com-
posites with similar, and sometimes better properties than those obtained with
commercial clay fillers, could be produced out of MFT. Details are discussed

in Appendix A.

ii) The effect of the microstructure of copolymers of acrylamide and poly(ethylene
oxide methyl ether methacrylate) in flocculation/dewatering of oil sands tail-
ings was also investigated, specifically the effect of comonomer composition,
hydrophobic chain length, and molecular weight. A detailed study is described
in Appendix B.
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iii) Polymer reaction engineering concepts were employed to model the poly-
merization process of an industrial standard flocculant, poly(AAm-co-AAc)
(the anionic polyacrylamide), in batch reactors. This polymer is commonly
used to treat oil sands tailings. The effect of reactor operating conditions on fi-

nal product microstructure were simulated in details, as described in Appendix

C.

6.2 Recommendations

The findings of this thesis gave rise to several areas that need further investi-

gation:

i) One of the areas that have not been systematically studied yet is how the
molecular weight distribution of a flocculant would affect aggregate forma-
tion and dewatering performance. Controlled radical polymerization (CRP)
techniques could be used to produce polymers with narrow molecular weight
distributions. The challenge, however, would remain in obtaining acrylamide
polymers with high molecular weights (in the range of millions) with narrow
distributions using CRP. Several groups have recently attempted to produce
high molecular weight water soluble polymers while maintaining the living
character of the polymerization. The typical molecular weight range achieved
(maximum of a few 100 000), unfortunately, is still beyond what is easily pro-
duced by conventional free radical polymerization and typically recommended
for tailings flocculants.[154, 155, 156, 157]

ii) The addition of an optimum amount of polymer in large scale flocculation
of tailings in the field is often achieved by observing the onset of flocculation
by an operator, in a way that is very similar to what is done in laboratory
scale flocculation of tailings. Although this method is reliable, it would be
costly to manually monitor the addition of polymers on a continuous basis. In
addition, a marginal reduction on the polymer dosage could add a considerably
large dollar value in large scale tailings treatment operations. One relatively
straightforward solution could be to develop image-processing techniques that,

when coupled with data analysis, could determine and control the addition of
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the optimum amount of flocculant to a specific tailinga stream. Such soft
sensors could be tuned for inclusion of larger operating parameters such as the

clay or bitumen content of the tailing streams or effect of water chemistry.

iii) Similar to the idea above, and with a more sophisticated approach, one
could further develop the mathematical model proposed in this thesis to ac-
count for the effect of other operating conditions such as water chemistry,
solids/bitumen contents, or even flocculant microstructure. In large scale, such
models should be integrated with CFD models to account for the differences

in flow regimes.[133]
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Appendix A

Can We Make Better
Polyurethane Composite Foams
with Oil Sands Mature Fine
Tailing?

In this study, we produced rigid polyurethane/mature fine tailings (PU/MFT)
foam composites with good mechanical and thermal properties by in-situ poly-
merization. MF'T contains inorganic fillers and water, which is the chemical
blowing agent for PU reactive foam polymerization. The novel PU/MFT com-
posites have similar compression and tension properties, and improved thermal
properties, compared to those of PU/Cloisite Na™ and PU/ Cloisite 30B com-
posites. Adding 2 pphp (parts per hundred parts of polyol by weight) of MFT
particles decreased the thermal conductivity of rigid PU foam by 10%, while
adding Cloisite Na™ or Cloisite 30B caused a reduction of only 6% and 5%,
respectively. This apparently small difference in thermal conductivity would

result in considerable energy saving in large-scale insulation applications. Fur-

A version of this appendix has been published as V. Vajihinejad, J. Soares “Can We Make Better Polyurethane Composite
Foams with Oil Sands Mature Fine Tailing?” Macromolecular Materials and Engineering, 2016, vol. 301, pp 383-389.
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thermore, adding from 0 to 20 pphp of fillers caused the specific compressive
and tensile strengths to increase initially, but then fall for all filler types. How-
ever, PU/MFT foams could sustain about the same compressive strength and
modulus even when loaded up to 20 pphp MFT. These results are important
for oil sands industries trying to decrease the environmental footprint of their
operations and for polyurethane-producing companies attempting to improve

properties of their products and contribute to environmental cleanup.

A.1 Introduction

When the waste stream of an oil sands extraction process is released into tailing
ponds, a stable mixture of water (about 65% by mass), fine particles (30-35%),
small amount of residual bitumen and other minerals (about 2-5%) forms over
time. We call this mixture mature fine tailings (MFT).[4] Oil sands tailing
ponds cover an area 1.5 times the size of the city of Vancouver (176 km?); this
area is equivalent to about 33,000 football fields, including the two end zones.
Not surprisingly, tailing ponds are among the most challenging environmental
problems in Canada. Because small charged particles (smaller than 44 ym) do
not allow MFTs to settle on their own, many groups in academia and industry
have proposed methods to dewater tailings, so the industry can solidify the

remaining waste and reclaim the land.[87]

A radically different approach is to consider MFT as valuable materials rather
than wastes. Since MFT is a source of organically-modified fine particles
such as quartz and clays (kaolinite, illite, and montmorillonite), it may be
used as a reinforcing material in polymer composites and nanocomposites.
Polymer nanocomposites are polymers filled with particles that have at least
one dimension in the range of 1-100 nm.[158] Since nanoparticles have high
surface energy, they interact with polymer chains at the molecular level more
effectively, improving their mechanical, thermal, and barrier properties.[159]
Polymer-clay nanocomposites were firstly used by Toyota Motor Co. in the 90s,
when the company used nylon-clay nanocomposites to obtain better thermal

and mechanical properties in timing belt cover and other components of car
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engines.[160]

One of the widely used matrices in the area of polymer nanocomposites is
polyurethane (PU), accounting for the highest supply in the global foam mar-
ket. Polyurethanes can be tailored to fulfill many applications such as cush-
ioning, thermal insulation, footwear, buoyancy applications, and packaging.
Polyurethanes are the products of catalyzed polyaddition reactions between
polyols and isocyanates, and PU foam is made when a blowing agent, such as
distilled water, is added to the reaction mixture. The reaction between iso-
cyanate and water molecules generates carbon dioxide bubbles that form the
cellular structure of the foam. Different fillers such as nanoclays, graphene,
titanium dioxide, and carbon nanofibers have been used to make PU nanocom-
posites foams.[161, 159]

Several researchers have studied the effect of clays on mechanical, thermal,
and barrier properties of rigid or flexible PU foams. Clays could be pure
or treated with organic compounds (e.g. alkyl ammonium salts).[162, 163,
164, 165] Among pure clays, montmorillonite is usually the choice because it
has cations in its crystal galleries that are exchangeable with other cations
of similar charge to form organically-modified clays. Among them, we may
mention Cloisite 15A, 25A, and 30B, among others. For example, Cloisite
15A is a montmorrillonite (MMT) modified with ditallow dimethylammonium
salts. Cao et al. found that adding 5% of organically-modified clay signifi-
cantly enhanced the specific compressive strength and thermal properties of
PU foams with higher molecular weight polyols (M,, = 500), while observing
slightly negative effects in the case of highly crosslinked PU foams.[159, 166]
In another study by Xu et al., the tensile and compression strengths increased
by a maximum of 154% and 118%, respectively, when the authors added 2%
clay to PU.[167] However, we cannot confidently judge these results because
the authors did not show how the foam density changed as a function of clay
content. In another work by Saha and his team, addition of 1% MMT con-
siderably improved mechanical and thermal properties of rigid PU foams.[166]
In this work, we made rigid PU foams filled with inorganic solids from oil

sands mature fine tailings (MFTs) using an in-situ polymerization technique

144



(PU/MFT), and compared their mechanical and thermal properties with those
of PU composites made with pristine and organically-modified clays. Surpris-
ingly, we found the properties of our PU/MFT composites to be equivalent,
and often better, than the properties of PU composites using regular clays.
This initial research results may open new directions for the disposal and use

of oil sands mature fine tailings.

A.2 Experimental Section

A.2.1 Materials

Suncor’s Oil Sands plant in Alberta, Canada, supplied the mature fine tailings
(MFT) samples used in this research. Cloisite Na™ (pure MMT) and Cloisite
30B (MMT modified by methyl tallow bis-2-hydroxyethyl ammonium) were
purchased from Southern Clay, USA. Huntsman Polyurethanes generously sup-
plied polyol and isocyanate monomers. The polyol was a blend of JEFFOL
SD-361 (OH value: 360, M,= 690, viscosity at 25°C: 5500 cP) and JEFFOL
SD-441 (OH value: 400, M,,= 550, viscosity at 25°C: 2500 cP). The isocyanate
was RUBINATE M MDI (a diphenylmethane diisocyanate, NCO equivalent
weight: 133, viscosity at 25°C: 180 cP). The catalyst (pentamethyldiethylene-
triamine) was supplied by Sigma-Aldrich, and Evonik Canada Inc. generously
provided the surfactant (TEGOSTAB 8404). The blowing agent was deionized

water.

A.2.2 Polymerization of Rigid Polyurethane Foams

For comparison purposes, we firstly removed the water in the MFT samples
by placing them in a vacuum oven at 100°C. Then, we ground Cloisite Na™,
Cloisite 30B, and MF'T particles for 5 minutes in an automatic Mortar Grinder
(RM 200, Retsch Technology) and dehydrated the remaining moisture in a
vacuum oven at 100°C. We mixed Cloisite Na™, Cloisite 30B, or MFT particles
in desired proportions with the polyol in a vessel under magnetic stirring for

24 hours at 65°C, cooled the polyol/particles mixtures to room temperature
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(21 £ 0.5°C), and then added 0.8 pphp (parts per hundred parts of polyol by
weight) of catalyst, 1.5 pphp of blowing agent, and 0.8 pphp of surfactant,
and stirred the resulting blend for 15 seconds at 2500 rpm. After that, we
added the isocyanate and stirred the reactive mixture for 7 seconds at 3000
rpm. Immediately after, we poured the reactive mixture into an open-top wood
mold covered with aluminum foil (19 cm x 19 cm x 8 cm) and left it for about
10 minutes until the polymerization was completed. Finally, we demolded the
foam composites and kept them for about 2 days at room temperature to cure

completely. We adopted our synthesis procedure from Khakhar et al.[165]

A.2.3 Measurements and Characterization

The microstructure of PU foams with and without fillers was analyzed with
a XL30 scanning electron microscope (SEM) and a Morgagni 268 Philips-FEI
transmission electron microscope (TEM). We cut the samples for SEM anal-
ysis using a sharp razor, and after coating with Au/Pd using a Hummer 6.2
Sputter Coater, we mounted them into SEM sample holders for observations.
To obtain average cell size, we carried out image analysis on SEM micrographs
using Scandium 5.0 imaging software. We prepared samples for TEM accord-
ing to the procedure in Madaleno et al.[168] Compression and tension tests
were performed using a 5943 Instron machine with 1 KN load cell. We cut
the specimens using a band saw machine (9-in Bandsaw, Mastercraft) and
performed tensile tests according to ASTM 638-14 with type I specimens at a
crosshead speed of 2.25 mm min~!. We performed compression tests accord-
ing to ASTM D1621, and measured compressive strength and modulus in the
rising direction of the foam, with specimens with dimensions of 25.4 mm X
25.4 mm x 12.7 mm. The crosshead speed of the compression test was 1.2
mm min~!. We tested a minimum of eight specimens. The thermal conductiv-
ity of foams was measured with a Hot Disk thermal constants analyzer (TPS
2500S) with sample sizes of 35 mm x 35 mm x 8 mm. We tested a minimum
of three specimens. The apparent density of foams was measured according
to D1622/D1622M-14. We cut the samples in cubes with a volume of 16.4

cm?®, and tested a minimum of five specimens. The particle size distribution
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of fillers was measured with a Mastersizer 3000 laser diffraction particle size
analyzer (Malvern Instrument Ltd.). Deionized water was used as dispersant

and obscuration was set in the range of 4-5%.

A.3 Results and Discussion

A.3.1 Characteristics of MFT

Mature fine tailings are mixtures of about 30-35% solid and 65-70% water by
mass. The solid in MFT consists of about 50% quartz (SiOs), 45% clays (35%
kaolinite, 60% illite, and other clay minerals), 5% bitumen, and other organic
and mineral compounds. The cation exchange capacity of MFT has been esti-
mated to be 29 cmol(+) kg™!. A typical MFT has Na® (776 mg cm—?), HCO*~
(679 mg cm~3), C17! (518 mg cm™3), and SO,?~ (377 mg cm™3), with a pH of
about 8.5.[169] Figure A2 compares the particle size distribution of an MFT
sample with those of a commercial Cloisite Na™. The distribution of the MFT
particle size has a longer tail of larger particles, but a less pronounced shoulder
in the small particle size range. Figure A1l compares the SEM micrographs
of MFT particles and commercial Cloisite Nat. The Cloisite Na® particles
have smoother surfaces than MFT particles. MFT particles also appear to
be thicker than the commercial clay, forming broken structures with irregular
shapes. MF'T particles also have a broader particle size distribution, as shown

in Figure A2.
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Figure Al: SEM micrographs of particles in MFT and commercial clay. Left
micrograph is MFT particles and the right micrograph is Cloisite Na™.
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Figure A2: Volume-density and number-density particle size distribution of MFT
and Cloisite Na*.

A.3.2 Mechanical Properties of PU Foam Composites

Figure Aba - A5b compare the compression and tensile properties of PU/MFT,
PU/Cloisite Nat, and PU/Cloisite 30B composites. Since the mechanical
properties of foams depend on their densities, we needed to correct for differ-

ences in apparent density among these samples to reach a meaningful conclu-
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sion when comparing the properties of these composites. We accounted for
density effects using the results reported by Thirumal et al.[170] We divided
the measured compressive strength, compressive modulus, tensile strength,
and tensile modulus by the apparent density raised to the power of 1.5, 1.72,
1.48, or 1.48, respectively. The Table shown in Figure A3 represents the ap-
parent density of the foams, the observed, and the specific values for both
tensile and compression tests. The specific compressive and tensile strength
and modulus of the foam composites initially increase as fillers are added, but
decrease after reaching a maximum value. Macosko et al. suggested that clay
initiates a competition between two effects: a positive effect due to clay rein-
forcement, and a negative effect caused by the disruption of hydrogen bonds
between polymer chains.[159] Our observations corroborate this explanation:
the first upward trend on mechanical properties is dominated by the rein-
forcement effect, but eventually the negative effect on H-bonding suppression

predominates.

Composites made with MFT had relatively better properties than the other
two composite foams. We suggest that bitumen and other organic compounds
found on the surface of MF'T particles enhance their dispersion in the polyol
mixture by van der Waals and ionic interactions. Understanding the roots of
these interactions is difficult because MFT is composed of many mineral par-
ticles with different structures and relatively unknown interactions. Sengupta
and Tollefson, however, proposed a conceptual model for oil sand tailings that
simplifies understanding the interaction between the constituents of MFT.[171]
Figure A6 illustrates how the organic constituents in MF'T act as compatibi-
lizers between particles and polymer chains. Bitumen and non-bituminous
compounds form van der Waals interactions with the organic polymer (red ar-
rows), and with the help of cations form ionic interactions with clay particles

(blue arrows).

Figure A7 presents TEM micrographs of PU composites filled with 3 pphp
Cloisite Nat and MFT. MFT particles are relatively better dispersed than
Cloisite Nat, since the clay stacks in the MFT composite do not agglomerate

as much as in the case of Cloisite NaT™. This observation tells us there is
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a stronger interaction between filler and the polymer in the case of MFT,

suggesting bitumen and organics in MF'T play a positive role in the structural

reinforcement of the polymer composites.

Apparent Specific Observed Specific Specific Specific tensile
Composite type density Observed compressive compressive compressive Observed tensile Observed strength
(kg ) compressive modulus strength strength tensile modulus relnsile (MPa g em?)
modulus (MPa g' cm?) (MPa) (MPa g* ) modulus (MPa g cn) strength
(MPa) (MPa) (MPa)

Pure PU TL1+1.7 1236 +0.22 8.08+0.14 0.38+0.01 0.64 = 0.01 7.26+0.18 13.20+0.34 0.48 +0.02 0.88 = 0.04
1 pphp Cloisite 30B 573+04 9.44+023 892022 0.31+0.02 0.71 £ 0.01 6.09 £0.16 1521+0.39 0.38 +0.02 0.94 = 0.07
2 pphp Cloisite 308 56.1+0.7 9.68 = 0.30 9.52=0.29 0.31+0.02 0.75x0.01 520=021 13.45=0.54 0.34=0.01 0.89=0.03
3 pphp Cloisite 30B 559=+1.6 9.99=0.31 9.84=0.31 0.31=0.04 0.75£0.03 5.33=0.03 13.79£0.07 0.30=0.01 0.78 = 0.02
5 pphp Cloisite 30B 689+2.1 1233 +0.34 848023 0.40+ 0.02 0.69 = 0.01 7.21+0.23 1370+ 045 0.34+0.03 0.64 = 0.06
10 pphp Cloisite 30B 70.7= 1.1 11.64 £0.26 7.66 =0.17 0.35=0.01 0.60 = 0.01 7.60 £0.05 13.91£0.08 0.36+0.02 0.66 = 0.03
20 pphp Cloisite 30B 75.7+2.6 11.59+0.24 6.78 = 0.14 0.35+0.02 0.54=0.01 845=0.16 13.97+0.27 0.36+0.02 0.60 = 0.03
1 pphp MFT 45.1x1.3 747 =0.15 10.65 = 0.08 0.24 0.79 4.15£0.29 14.76 = 0.46 0.29=0.04 1.05 = 0.06
2 pphp MFT 46.2=x1.1 7.79=0.11 10.68 = 0.05 0.25 0.79 = 0.01 3.88=0.30 13.33= 046 0.28=0.01 0.97 =0.02
3 pphp MFT 53313 9.35+0.10 10.01 £ 0.04 0.29+0.03 0.76 £ 0.03 4.58£0.17 12,74+ 0.21 0.33£0.02 0.92 £0.04
5 pphp MFT 65.7+1.2 11.95+£0.28 8.93 £0.08 0.37=0.01 0.71£0.01 6.54=0.10 13.35=0.09 0.36=0.01 0.73 =£0.01

10 pphp MFT 66.5= 1.1 11.76 £ 0.31 8.61=0.08 0.35=0.01 0.66 = 0.01 6.87 =0.04 13.78=0.03 0.35=0.01 0.71
20 pphp MFT 673+ 1.8 11.43=0.24 8.21=0.06 0.36 0.65 6.83 £0.05 13.46=0.04 0.31=0.01 0.62=0.01
1 pphp Cloisite Na* 559+0.2 9.56+0.15 9.42 £ 0.06 0.31+0.02 0.75£0.02 5.32+0.09 1378+ 0.11 0.35+0.03 0.90 = 0.07
2 pphp Cloisite Na* 53.0+0.9 9.17+0.43 9.91=0.17 0.30+0.02 0.77£0.02 4.75£0.02 13.33£0.03 027=0.01 0.77 =0.02
3 pphp Cloisite Na* 6l.1=5.1 10.98 = 0.09 9.20=0.03 0.35+0.02 0.73£0.01 5.73=0.07 13.01£0.07 0.34+0.02 0.77 = 0.06
5 pphp Cloisite Na* 62.8+0.9 10.73 £0.20 8.67 = 0.06 0.34+0.03 0.68 £ 0.02 6.05+0.09 13.22£0.09 0.33+0.01 0.73 £0.03
10 pphp Cloisite Na* 68223 11.01 £0.36 7.71 £0.09 0.36+0.02 0.65+0.01 7.19 £0.04 13.88+0.03 0.34=0.01 0.67 =0.02

Figure A3: Observed and specific values for mechanical properties of PU foam
composites with different fillers.

Non-bituminous organics

nanoparticle (i.e. clay)

Figure A6: Schematic model showing how polymer chains and MFT particles
interact in a MFT/polyol mixture. Red and blue arrays indicate polymer-MFT
interactions and interactions between particles of MF T, respectively.
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100 nm

Figure A7: TEM micrographs of PU foam composites. Left micrograph is PU
filled with 3 pphp Cloisite Nat and the right micrograph is PU filled with 3 pphp
MFT. Circles in red and green compare dispersion of particles of each filler in the
polymer. PU/MFT is better dispersed in the PU medium.

A.3.3 Thermal Conductivity

Figure A8 shows the thermal conductivity of PU composite foams infused with
various amounts of different clay types. The thermal conductivity of rigid
PU foams is an essential property for thermal insulation applications. Heat
transfer in foams occurs by three mechanisms: conduction through the solid
(polymer) phase, radiation, and gas conduction. In the range of our foams
density, polymer conduction, gas conduction, and radiation contribute about
50%, 40%, and 10% to the total heat transferred, respectively.[172] Since den-
sity has a negligible influence on thermal conductivity in the density range of
this study (50-70 kg m—2),[172] we did not correct the observed values to ac-
count for density differences. The thermal conductivity drops when we added
relatively small amounts of clays because the average cell size also decreases
(Figure A9 and Table A1). When we increased the clay loading, however, the
thermal conductivity started increasing because more broken cells are formed,
more bubbles coalesce, and the contribution of solid conduction grows due to
the addition of clays to the polymer. In low to moderate clay loadings, the
thermal conductivity is mostly a function of the average cell size. Table Al
lists apparent densities and average cell sizes of all PU foams composites. The

smallest average cell size was measured for the PU/MFT composite with 1
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pphp of MFT particles. Clay particles promote the formation of smaller CO2
bubbles because they provide nucleation sites when the foam is expanding in
the mold. On the other hand, too much clay reduces van der Waals forces
(mainly hydrogen bonds) between polymer chains, weakens cell structures,

and cause them to break, forming cells with larger diameter.
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Figure A8: Thermal conductivity of PU composite foams. Error bars represent
the standard error of the measurements.
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Figure A9: Thermal conductivity of PU composite foams. Error bars represent
the standard error of the measurements.
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Table Al: Apparent density and average cell size of PU nanocomposites infused
with different nanoparticles at different concentrations.

Foam type Apparent density (kg m™) Average cell size (mm)

Pure 1.1+ 1.7 0.248 £ 0.023

1 pphp Cloisite 30B 57.3 £ 0.4 0.238 £ 0.017
2 pphp Cloisite 30B 56.1 + 0.7 0.234 + 0.032
3 pphp Cloisite 30B 55.9 £ 1.6 0.250 + 0.027
5 pphp Cloisite 30B 68.9 + 2.1 0.242 4+ 0.026
10 pphp Cloisite 30B 70.7 + 1.1 0.244 + 0.024
20 pphp Cloisite 30B 75.7 + 2.6 0.250 £ 0.024
1 pphp MFT particles 45.1 £ 1.3 0.187 £ 0.027
2 pphp MF'T particles 46.2 £ 1.1 0.200 £ 0.031
3 pphp MF'T particles 53.3 £ 1.3 0.205 £ 0.028
5 pphp MFET particles 65.7 £ 1.2 0.217 + 0.026
10 pphp MF'T particles 66.5 £ 1.1 0.234 £+ 0.026
20 pphp MFT particles 67.3 £ 1.8 0.225 £ 0.028
1 pphp Cloisite Na™ 55.9 £ 0.2 0.219 + 0.026
2 pphp Cloisite Na™ 53.0 £ 0.9 0.197 + 0.029
3 pphp Cloisite Na™ 61.1 £ 5.1 0.222 £ 0.030
5 pphp Cloisite Na™ 62.8 & 0.9 0.237 4 0.022
10 pphp Cloisite Na™ 68.2 + 2.3 0.239 £+ 0.021
20 pphp Cloisite Na* 714 + 1.8 0.230 £ 0.026
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A.4 Conclusion

We used mixtures of organically modified fine particles present in oil sands
mature fine tailing (MFT) to make rigid polyurethane (PU) composite foams.
Polyurethane foams filled with MF'T particles had better mechanical and ther-
mal properties than pure polyurethane or polyurethane foams filled with com-
mercial clays (Cloisite Na™ and Cloisite 30B). We attribute this enhancement
to bitumen and other organic compounds present on the surface of MFT par-
ticles, which act as compatibilizers between polymer chains and clay particles.
Furthermore, MFT particles may reduce the thermal conductivity of PU foams
by about 10%, by providing nucleation sites that reduced the average cell size
of the COy bubbles. Polyurethane foam composites with lower thermal con-
ductivities can save a substantial amount of energy in large-scale applications.
For instance, if we consider a building with 100 units, with each unit using
about 50 m? x 10 cm insulation panel to maintain a steady state tempera-
ture, we would prevent an energy loss about 300 MW.hr throughout a year

with only 10% reduction in thermal conductivity of insulating foams
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Appendix B

Enhanced Dewatering of Oil
Sands Mature Fine Tailings by
Use of

Hydrophobically-Modified
Polyacrylamide Copolymers

Hydrophobically-modified acrylamide copolymers dewater oil sands tailings

more effectively than A-poly(AAm), but the root causes for this enhanced per-
formance have not been investigated systematically. We synthetized polyacrylamide-
poly(ethylene oxide methyl ether methacrylate) copolymers with different comonomer
compositions, hydrophobic chain lengths, and molecular weights to map out

these effects systematically. Through a statistical design of experiments, we
found out that all three variables above significantly affected flocculation per-
formance, and that certain combinations achieved optimal results. We also

investigated the effect of centrifugation on the flocculation and dewatering

A version of this appendix has been published as R. Hripko, V. Vajihinejad, J. Soares “Enhanced flocculation of oil
sands mature fine tailings using hydrophobically modified polyacrylamide copolymers” Global Challenges, 2018, vol. 2, p.
1700135.
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performance of these polymers.

B.1 Introduction

There is a stigma surrounding the Alberta Oil Sands in terms of environmen-
tal hazards. One of the main contributors to this stigma is the generation of
large volumes of waste stored in tailings ponds. Tailings ponds are composed
of water, residual bitumen, fine mineral particles, and organic compounds,
covering an area more than 175 km?.[4] Masliyah et al. stated that this prob-
lem is getting worse — for every barrel of crude bitumen extracted, 3.3 m?
of tailings are discharged in the environment.[21] This problem is not going
away any time soon, since the negatively charged fine particles (mostly clays)
suspended in the tailings prevent the suspension from settling.[173] To wait
many decades for the tailings ponds to consolidate naturally is unacceptable
not only for the oil sands processing companies, but also for the Canadian
society. Many researchers are trying to find solutions to this problem, and
several are investigating novel water-soluble polymers to achieve rapid floccu-
lation and dewatering.[87, 10, 88] Increasing the efficiency of tailings separation
would be immediately beneficial to oil sands processing companies, as it would

significantly lower both the volume of tailings creation and costs of operation.
[33]

The industry has practiced several technologies to dewater and consolidate
tailings. Thin lift and freeze-thaw drying, centrifugation, and composite tailing
are examples of some of these practices.[2] In thin lift drying, for example, a
thin layer of polymer-flocculated tailings is spread over a land area with small
slope, and allowed to dewater until the remaining sediments are ready for
land-reclamation. The method is easy and relatively inexpensive, but requires
a large land area. Another technology is composite tailing, where fluid fine
tailings are mixed with sands and are flocculated using polymers or chemical
additives such as gypsum. The sands helps aggregate dewater more rapidly
by making channels in the sediments, and it also strengthens the sediments.

One drawback of this method is the use of large amounts of sand, which
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otherwise could be used to build storage containment dikes for tailings.|2]
Centrifugation is also a technology that may be used for the densification
of sediments after flocculation, if run under conditions that are economically
viable. Mikula et al. concluded that centrifugation of MEF'T could drastically
reduce the water loss per barrel of bitumen, and also eradicate any possible
need for the storage of tailings in fluid form, reducing the time elapsed between
mining and reclamation.[174] All the mentioned technologies have one thing

in common: they all use polymer flocculant to aggregate fines in tailings.

The industry standard flocculant is ultra-high molecular weight (a few mil-
lions) A-poly(AAm), but the sediments from A-poly(AAm)-induced floccula-
tion are loosely packed and have a gel-like structure because they trap wa-
ter in their matrix via hydrogen bonding among polymer chains and water
molecules. If the sediments shear strength is too low, the tailings ponds will
not be reclaimable, since it is not possible to build or walk on top of sediments
that have weak mechanical properties. Adding comonomers with different
functional groups to poly(AAm) may allow for the optimization of the copoly-
mer properties in order to achieve better flocculation results. Some previous
investigations have shown that copolymerizing acrylamide with hydrophobic
monomers lowers the content of water retained in the flocs, and therefore in-
creases the solids content of the sediments.[10, 88, 93, 175]

Though some research groups have tested acrylamide copolymers as flocculants
for oil sands tailings, to the best of our knowledge there are only few studies
that have performed a systematic study of the causes for improved dewatering
and consolidation of oil sands tailings in the open literature.[10, 70, 88, 176,
175] For example, Reis et al. varied the copolymer composition and molecular
weight of a polyacrylamide-graft-poly(propylene oxide) (poly(AAm)-g-PPO)
copolymer, but only compared the data points in terms of flocculation per-
formance, and did not inquire into the reason for differing results at differ-
ent copolymer compositions.[10] They compared two different lengths of the
poly(propylene oxide) (PPO) grafts, using either 300 gmol™* or 1000 gmol !
macromonomers, but with only two different values it is not possible to deter-

mine a correlation between graft size and flocculation /dewatering performance.
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Their results did show that the PPO graft with the lowest molecular weight
(300 gmol™!) achieved better results, such as lower turbidity and faster set-
tling rate, which was a unique outcome, since most tests ascertain the opposite:
higher molecular weight polymers usually performs better than lower molecu-
lar weight ones.[64, 177, 178] The authors attributed this effect to the higher
hydrophobicity of the PPO grafts. A relationship between different copoly-
mer compositions and hydrophobic group size was not obtained, as they in-
stead focused on optimizing the dosage and performance of the most promising
poly(AAm)-g-PPO flocculant. Ren et al. flocculated kaolin suspensions with
poly(AAm), polydiallyldimethylammonium chloride (poly(DADMAC)), and
3-acrylamido-2-hydroxypropyltrialkylammonium chloride copolymers, where
the alkyl group was ethyl, butyl, or octyl.[70] They noticed that the hydropho-
bic groups enhanced dewatering ability and reduced turbidity, in comparison to
poly(AAm) and poly(DADMAC). Ren et al. stated that the hydrophobically-
modified polymers were likely able to form bridges with the suspended kaolin
particles, since the long alkyl chains might adsorb onto more sites on the
particles.[70] Indeed, most researchers agree that a better bridge between the
polymer and suspended solids will lead to stronger flocs and better floccula-
tion performance. Ren et al. observed that the addition of hydrophobic groups
onto an acrylamide backbone increases settling rates and decreases both wa-
ter retention and supernatant turbidity. Although the effect of hydrophobic
chains on the polyacrylamide backbone has been recognized,[10, 179] we have
been unable to find a study assessing the relationship between the size of
hydrophobic chain, amount of hydrophobic chain in the copolymer, polymer
molecular weight, and its performance on mature fine tailings flocculation and

dewatering.

Laboratory scale screening of polymer flocculants for oil sands tailings is still
controversial, mainly because of the lack of clear procedures and accepted val-
ues to quantify flocculation and dewatering, as well as different performance
metrics required by different dewatering technologies. For example, a high
settling rate of 20 mh~!, sought in gravity thickeners, may not be as impor-

tant if dewatering is done by post-flocculation centrifugation or by thin lift
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drying. The Alberta Energy Regulator, however, has approved Directive 085
for fluid tailings management for oil sands mining projects, where it states
some minimum acceptable criteria for treated tailings before they are ready
to be reclaimed (such as minimum undrained shear strength, solids content,
and sand to fines ratio), which is not helpful for flocculation performance
characterization.[180] In the open literature, researchers use different perfor-
mance indicators to characterize their flocculants and flocculation process for
oil sands tailings, most of which were adapted from wastewater treatment and
other mining applications. Among them are aggregate hindered settling rate,
capillary suction time, specific resistant to filtration, turbidity of supernatant,
fine residues in the supernatant, shear strength of the sediment, gravity de-
watering by sieve test, yield strength of sediment by slump test, solid content
after centrifugation, and solid content after 24 h jar settling.[87, 10, 88, 127,
181, 7, 182]

In this study, we used a central composite rotatable design of experiment to
analyze our results and evaluated the performance of our novel copolymers
through capillary suction time (CST), supernatant turbidity, initial settling
rate (ISR), and solid content of sediments. To observe the effect of centrifu-
gation on flocculation performance, we also tested the turbidity, solid content,
and CST after centrifugation. By studying the cause of this increased floccu-
lation performance, we will be able to understand the reason for improvement
and tailor polymers for optimal performance during oil sands tailings floccu-
lation and dewatering. It is worth noting that the intention of this study
was not to optimize the proposed flocculant composition for what are arbi-
trarily selected conditions or a particular MFT concentration, but rather to
study how certain polymer microstructure properties (MW, macromonomer
size, comonomer composition) affected their performance in small-scale tests

under controlled conditions.
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B.2 Materials and Methods

Monomers (acrylamide, 99.9% pure, and poly(ethylene oxide) methyl ether
methacrylate (PEOMA)), initiator (2,2°Azobis(2-methylpropionamidine) di-
hydrochloride (V-50)), and organic solvents (acetone, toluene) were purchased
from Sigma Aldrich. Coanda Research and Development supplied the mature
fine tailings used in this investigation. A Dean Stark apparatus was used to
determine the amount of solids, water, and bitumen in the tailings we used for
testing. The Dean Stark apparatus comprises of a trap, round bottom flask,
and reflux condenser.[183] To begin the analysis, 140 g of MFT was placed into
the trap, and 200 mL of toluene was added into the round bottom flask, where
it was heated up to its boiling point. Once boiling, the vapors, consisting of wa-
ter and toluene, travelled to the condenser where they condensed into the trap.
Since the liquids are immiscible, the toluene, less dense than water, separated
on top, and water on the bottom. Once the water level had stabilized, the
water was drained and the weight of water inside of the MFT was measured.
Since bitumen and toluene were mixed together, we evaporated the toluene
to determine the amount of toluene and bitumen. After the process was com-
pleted, the amount of solids left from the beginning were dried and weighed
to obtain the solid content of the sample. We performed this process twice to
ensure accuracy of results. In addition to the Dean Stark analysis, we mea-
sured the major ion concentrations through Atomic Absorption Spectroscopy
(AAS) using a VARIAN 220FS Atomic Absorption Spectrophotometer. Table
B1 lists the composition of MFT use in this work.
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Table B1: MFT sample composition

Analysis method compound value

Major ions (ppm) Nat 248.3
Kt 184

Ca?*t 11

Mg2t 221

Dean-Stark (wt%) Water — 59.8
Solids  35.3

Bitumen  3.28

B.2.1 Polymerization

The copolymers were synthesized by free radical polymerization at 40°C in
a batch reactor. The reagents were added to the reactor in the following
order: deionized water, acrylamide, and then PEOMA. Once in the reactor, the
solution was purged with nitrogen for one hour to ensure a complete nitrogen
atmosphere. After that, the initiator, also purged with nitrogen, was added
to begin the polymerization. The polymerization was left to run for 24 hours
to obtain high monomer conversion for all experiments. The total monomer
concentration was kept constant at 0.1 molL.~! for all polymerizations. Once
the reaction had finished, the polymer, whose structure is shown in Figure B1,
was precipitated in a 90:10 acetone:toluene mixture, rewashed in acetone for
purification for at least three times, then dried for 24 hours in a vacuum oven
at 50 °C.

B.2.2 Molecular Weight Measurement

The molecular weights of all copolymers were measured by gel permeation
chromatography using an Agilent 1260 Infinity GPC and PL aquagel-OH

Mixed-H 8 pm columns. PEO standard samples with narrow molecular weight
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Figure B1: Poly(AAm)-g-PEOMA copolymer structure, where ‘X’; ‘Y’ and ‘n’
refer to the repeating units of the portion in parentheses.

were used for the column calibration. The concentration of all samples was
3.6 mgml~!, diluted in an aqueous solution containing 0.2 M NaNOs, and in-
jected at a volume of 100 L. The analysis was performed at a flow rate of 1

mLmin~! and at a temperature of 30°C.

B.2.3 Design of Experiments

Using a central composite rotatable design allows us to compare the effects of
macromonomer size, copolymer composition, and molecular weight as a func-
tion of flocculation performance. Macromonomer refers to a macromolecule
with a functional group to allow further polymerization. As per the design,
there were five different coded values for each variable, where 15 unique com-
binations and an additional three repetitions of the center point to ensure
reproducibility were tested, allowing us to create a surface to map the effects

of the design variables shown in Table B2.

Although Table B2 specifies negative and positive alpha values being +1.68,
the analysis may still be performed if the true values are reasonably close to the

theoretical value. As the molecular weight of the copolymer cannot be precisely
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controlled, the initiator concentration, [I], was varied to obtain a range of
copolymer molecular weights.[86] We analyzed all data through Statistica 13
(StatSoft Inc.). In Table B2, PEOMA chain length and wt% are independent
variables that can be changed without altering each other. Note that the full
performance optimization of our copolymer would require testing it at different
dosages, shear rates, solids contents, and water chemistries. Such an extensive
study, however, would substantially add to the complexity of the process, and
likely make the regression analysis unreliable. Therefore, we narrowed down
the flocculation window by fixing these additional variables and concentrating
on the impact of three main microstructural features: average PEOMA length,

PEOMA composition, and copolymer average molecular weight.

Table B2: Indepent variables in central composite design

Levels of coded variables

Independent variables —a -1 0 1 +a
-1.68 -1 0 1 1.68

Average PEOMA length (n) 1 9.1 193 31.8 43.13
Wt% PEOMA 5 1412 275 40.88 50
Log([1]) 5 4 3 2 -

[I]o: mol. L™t & wt% is g-basis

B.2.4 MFT Flocculation and Dewatering Tests

In order to create the MFT slurry for testing, the MF'T sample was diluted to
5 wt% solids in 160 g of slurry, using deionized water. We used diluted solid
concentration to obtain as uniform mixing as possible when testing different
polymers, and to maximize our ability to observe performance differences upon
addition of polymers with different microstructures. The slurry was mixed at
610 rpm for 30 seconds to obtain a homogeneous distribution of solids in the
slurry. At that point, 1000 ppm of a Ca?t solution was added and mixing
continued for an additional minute. The addition of calcium is necessary as
the neutral polymer flocculants we used were unable to form bridges with

the suspended particles without the charge neutralization effect obtained by
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calcium ions. The polymer dosage was kept constant at 10,000 ppm (mg
polymer per kg of dry solid) for all experiments, and the polymer mixed with
the slurry at 610 rpm. The dosage of 10,000 ppm in our study was chosen
based on preliminary tests with our polymers (from the highest MW to the
lowest MW), and we found out that this dosage is not too far from the working
window of our polymers. It is true that 10,000 ppm would be considered a
high dosage in practical application (as opposed to 1000-1500 ppm dosages
used for commercial A-poly(AAm));[86] however, it was not the intention of

this study to optimize the polymer microstructure according to dosage.

Once aggregates formed, the mixing speed was reduced to 300 rpm and stirring
continued for another two minutes. After flocculation was done, while the
flocculated suspension was still under gentle mixing (to achieve uniform solid
concentration upon sampling), we used a large pipet (0.5 cm diameter) and
separated the flocculated suspension into 3 different portions: (1) A volume
of 10 mL was used for testing capillary suction time (CST) with a Triton
Electronics Meter (Type 319 multi-CST) with Triton filter paper (7 cm by 9
cm); (2) An aliquot of 50 mL was transferred to a Corning centrifuge tube for
centrifugation purposes; and (3) The remaining 100 mL of sample was poured
into a graduated cylinder so the change in mudline level could be recorded as

a function of time.

After the slurry had settled in the graduated cylinder for 24 hours, the super-
natant was extracted for turbidity measurement in a Hach 2100 AN Turbid-
meter, and additional CST measurements were performed on the solids after
settling. We also took 5 mL of settled solids and calculated the solids content
by weighing the sample before and after 24 hours drying in an oven at 60°C.
The solids content is calculated by the following formula, where weight was

measured in grams.

dryweight — aluminum foilweight

SC% = (

100 B1
wetweight — aluminumfoilweight> i % (B1)
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B.3 Results and Discussion

In this study, we will classify PEOMA by length only, and when ‘polymer
molecular weight’ is referred to, we refer to the molecular weight of the en-
tire copolymer. This could be a source of confusion as the PEOMA length
influences the copolymer molecular weight, but they are two separate entities.
For simplicity, all the ANOVA and residual analysis were transfered to ap-
pendix, but the concept and the analysis steps are similar to those discussed
in Chapter 3. In the ANOVA tables, we compared the three main variables,
both linear (L) and quadratic (Q), and their two factor interaction effects,
where the notation used is linear effect by linear effect (for example, 1L by 2L
denotes the linear interaction between PEOMA length (1) and PEOMA wt%

(2).
Table B3 lists the properties of the synthesized poly(AAm)-g-PEOMA floc-
culants and all observed MFT flocculation/dewatering results. A wide range

of polymer properties were considered to obtain useful correlations between

polymer structure and flocculation/dewatering performance.

Table B3: Experimental design matrix

Run# PEOMA length (n) Wt% PEOMA [I](moll.™!) Turbidity (NTU) CST (s) 24 hsolids (%) ISR(mh~!) M, (kg mol~') PDI

1 9.1 14.2 1x1074 5.44 711 16.07 0.092 40 24
2 31.8 14.2 1x1074 1.32 13.1 19.56 0.376 36 2.46
3 9.1 40.88 1x107* 4.33 5.7 18.76 1.375 76 3.38
4 31.8 40.88 1x107* 26.4 7.6 16.61 1.23 121 2.7
5 9.1 14.12 1x1072 2.79 8.3 20 1.288 23 4.24
6 31.8 14.12 1x1072 0.65 22.8 16.93 0.049 14 2381
7 9.1 40.88 1x1072 1.42 20.5 17.58 0.070 33 295
8 31.8 40.88 1x1072 2.04 7.1 17.19 0.070 33 3.95
9 1 27.5 1x107° 1.08 14.8 20.25 0.070 21 221
10 43.1 27.5 1x107° 1.01 42.1 17.31 0.141 38 2.74
11 19.3 5 1x1073 22.8 5.5 33.7 1.474 122 215
12 19.3 50 1x1073 10 9.0 18.45 0.862 1473 244
13 19.3 27.5 1x107° 10.5 6.7 16.45 1.092 211 217
14 19.3 27.5 1x107* 0.3 18.9 18.81 0.12 12 3.39
15 19.3 27.5 1x107° 6.23 9.5 19.09 0.567 79 291
16 19.3 27.5 1x1073 3.21 9.2 20.01 0.453 68 3.51
17 19.3 27.5 1x1073 0.3 16.1 19.58 0.393 82 3.04
18 19.3 27.5 1x1073 0.3 13 19.32 0.414 59 297
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B.3.1 poly(AAm)-g-PEOMA Molecular Weight

The molecular weight distribution of all poly(AAm)-g-PEOMA flocculants
were measured by GPC and the results are displayed in Table B3. Unsurpris-
ingly, the initiator concentration, [I], significantly affected the molecular weight
of all poly(AAm)-g-PEOMA copolymers, as it is known that the molecular
weight of a polymer is controlled by the initiator concentration, and according
to Shawki and Hamielec,[79]

ki 0.5
1 k_p(kaI[I]O) N
o [M]o(1— )

Interestingly, PEOMA wt% in the copolymer also affected the molecular weight
of poly(AAm)-g-PEOMA. Figure B2a shows that the molecular weight of
poly(AAm)-¢g-PEOMA increases as the PEOMA wt% increases, irrespective
of the PEOMA length. The effect of initiator concentration on poly(AAm)-
g-PEOMA molecular weight is observed in Figure B2b, where lowering [I] in-
creases poly(AAm)-g-PEOMA molecular weight, as expected for solution free
radical polymerization. Figure B2c combines the effects of [I] and PEOMA
wt%, and shows that polymerization with low [I] and high PEOMA wt% will
produce poly(AAm)-g-PEOMA with the highest molecular weights. There
seems to be a trend indicating a slight decrease in poly(AAm)-g-PEOMA
molecular weight as the length of the PEOMA grafts increases, as shown in Fig-
ure B2b. This trend is in agreement with the results by Xiao et al., where they
determined the reactivity ratios of Poly(AAm)/PEOMA system and discov-
ered that the reactivity of the macromonomer (PEOMA) decreased as its chain
length increased.[184] The lower reactivity of longer PEOMA macromonomers
would then lead to a lower overall copolymer molecular weight, and our findings
support the similar conclusion. These findings do not imply that long PEOMA
macromonomers cannot be used to make poly(AAm)-g-PEOMA copolymers
with higher molecular weights; it only means that when all other variables
are kept constant - namely initiator concentration, monomer (macromonomer)

concentration, and temperature - the molecular weight of poly(AAm)-g-PEOMA
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will decrease as the length of the hydrophobic PEOMA macromonomer in-
creases. One could, evidently, change the polymerization conditions (such as

decreasing [I]) to compensate for this effect.

As seen in Table B3, we produced poly(AAm)-¢g-PEOMA copolymers with
molecular weights ranging from 12,000 to 1,473,000 gmol~!. This wide molec-
ular weight range will help show the effect of poly(AAm)-g-PEOMA molecular
weight on flocculation/dewatering performance. Compared to most floccu-
lants, the molecular weights of our poly(AAm)-g-PEOMA flocculants are rel-
atively low, as it is generally accepted that high molecular weight polymers are
more effective flocculants (i.e. in terms of settling rate),[64, 177, 178] but our
recent results suggested that higher the molecular weight does not necessarily
mean better dewatering in the sediments they generate, as indicated by the

independence of slurry CST on MW of the cationic copolymer of acrylamide

and DADAMC.[86]

B.3.2 Initial Settling Rate

Our design showed that all the three manipulated variables, PEOMA length,
PEOMA wt%, and log[l], are significant factors. Figure B3a shows that
poly(AAm)-¢g-PEOMA performs best (high ISR) when the PEOMA length and
PEOMA wt% are hight (upper right quadrant), or when the PEOMA length
and PEOMA wt% are low (lower left quadrant). Combining this finding with
the results shown in Figure B3b and B3c, we conclude that all poly(AAm)-
g-PEOMA copolymers lead to higher ISR when their molecular weights are
increased. This agrees with our knowledge of flocculation mechanism with
these polymers, as higher molecular weight poly(AAm)-g-PEOMA can create
larger aggregates that settle faster.

Figure B3b displays the ISR as a function of initiator concentration and
PEOMA wt% for PEOMA length of 40, clearly indicating that high settling
rate were achieved when the molecular weight of poly(AAm)-¢g-PEOMA was
high and it contained high PEOMA wt%. The higher poly(AAm)-¢g-PEOMA
molecular weight and PEOMA wt% allows the polymer to form strong bridges
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with multiple points of contact among the suspended particles, forming large,

strong aggregates that settle quicker.

Figure B3c displays similar relationship for a PEOMA length of 5. The cor-
relation between poly(AAm)-g-PEOMA molecular weight and ISR is stronger
than for the longer PEO unit discussed in Figure B3b. The figure shows that
ISR decreases drastically once [I] is lowered below 0.001 molL.~'. On the other
hand, the weight percent of PEOMA is not as significant of a predictor for
ISR, as one may get a high ISR for any PEOMA wt% when molecular weight
of poly(AAm)-g-PEOMA is high (that is, when [I] is low), although lower
PEOMA wt% seems to produce slightly higher ISR values.
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B.3.3 Turbidity of Supernatant

Similar to the ISR, the analysis of variance for turbidity values found out that
all variables were significant, but we had to take the natural logarithm of the
turbidity values in order to obtain a correlation with accurate prediction power.
Figure B4a shows that the supernatant reaches the lowest turbidities in two
cases: 1) low PEOMA length and high PEOMA wt% (left upper corner), and
2) high PEOMA length and low PEOMA wt% (right lower corner). The poor
results (higher turbidity) obtained when poly(AAm)-g-PEOMA had a high
PEOMA wt% with high length (right upper corner) may be due to steric hin-
drance among the long partially-hydrophobic PEOMA grafts that lowered the
performance of flocculation when there was a high amount of PEOMA in the
copolymer. These chains may interact with each other and are unable to trap
the finest particles. On the other hand, poly(AAm)-g-PEOMA with shorter
PEOMA grafts, required a higher PEOMAY% on the copolymer to trap all of
the fines because PEOMA chains were shorter. Having more frequent, shorter
PEOMA side chains increases the surface area of poly(AAm)-g-PEOMA and
creates more sites onto which flocculant may adsorb to the surface of MFT

particles.

Figure B4b illustrates the effect of [I] and PEOMA wt% for a constant length
of 40, and confirms our conclusion above: poly(AAm)-g-PEOMA with long
PEOMA grafts produces supernatant with low turbidity when a low PEOMA%
is present in the polymer so that there is no steric hindrance between the
hydrophobic groups. Lowering the poly(AAm)-g-PEOMA molecular weight
for a given PEOMA wt% also helps decrease the turbidity for the same reasons.

These conclusions are different from those observed for ISR, as ISR was the
highest when the poly(AAm)-g-PEOMA had high PEOMA wt% and high
PEOMA length, while the turbidity analysis showed that high PEOMA length
and low PEOMA% was ideal. We may suggest an explanation for this obser-
vation using the proposed flocculation mechanism for these polymers: When
poly(AAm)-¢g-PEOMA polymers trap particles to form aggregates, the larger
aggregates are heavier, and thus settle faster, but these polymers may not
be able to trap all the fine particles because the larger hydrophobic PEOMA
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side groups interact with each other, hindering the ability to adsorb on to
the smallest suspended particles. Such copolymers would yield high ISR, but
would also produce supernatants with higher turbidity. Notice that this is
a discussion relative to the other poly(AAm)-g-PEOMA tested in this inves-
tigation. The highest turbidity measured with all copolymers was 26 NTU,
which is still an acceptable value, even for the poorest performer among the

poly(AAm)-¢g-PEOMA listed in Table B3.

B.3.4 Capillary Suction Time (CST)

Figure B5a shows how CST depends on [I] and PEOMA wt%. CST values were
slightly lower when poly(AAm)-¢g-PEOMA had a higher molecular weight and
much higher when the copolymer had higher PEOMA wt%. These results are
easy to explain because the higher the PEOMA%, the higher the hydrophobic-
ity of the copolymer; since CST measures the dewatering ability of aggregates,
a more hydrophobic flocculant is expected to retain less water inside the aggre-
gates. By the same token, a higher molecular weight poly(AAm)-g-PEOMA
flocculant makes larger, more compact aggregates that retain less water, and
yield a lower CST. Although the effect of copolymer molecular weight on CST
is not very significant, it contradicts the findings of our recent work where the
CST of aggregates produced by cationic copolymers of acrylamide and DAD-
MAC did not depend on molecular weight.[86] We believe this discrepancy
is due to the fact that the dewaterability of aggregates produced by cationic
flocculants are so strongly affected by charge density (copolymer composition)

that the little effect of molecular weight was masked.

Figure B5b plots the CST as a function of PEOMAY% and length, where the
green colored areas near the center of the plot indicate desirable low CST. This
trend is almost the exact opposite of that observed for turbidity, and most
likely occurs because the combination of high PEOMA length and PEOMA%
produces a more hydrophobic flocculant, which retains less water. Comparing
Figure B5b to Figure B3a, we notice that the graphs overlap in similar fashion,
with red indicating high ISR and green low CST, meaning that a satisfactory

performance may be achieved in both tests by the same copolymer. Although
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not all tests are satisfied by the same flocculant, it shows that there is no ‘one

size fits all’ flocculant for MFT suspensions.

B.3.5 Centrifuge Turbidity

Instead of measuring the turbidity of supernatant after 5, this time we cen-

trifuged the samples after flocculation for 2 minutes under 500 x g.

The supernatant turbidity following centrifugation yields very similar results
to the turbidity after 24 hours of settling. Figure B6 shows that poly(AAm)-
g-PEOMA with long PEOMA side chains requires low PEOMA% to capture
all of the fine particles, and that poly(AAm)-g-PEOMA with shorter PEOMA
grafts needs higher PEOMAY% in the copolymer to produce clear supernatant
and follows the same pattern for the turbidity without centrifugation - the
copolymers with a large percentage of long PEOMA grafts may hinder the
entrapment of smaller particles, while the copolymers with a low percentage
of short PEOMA grafts are unable to adsorb to all of the particles as there are
fewer sites to form a proper bridge. Although we could obtain a strong correla-
tion among these variables, it should be noted that the highest turbidity after
centrifugation was only 16.4 NTU, which is still corresponds to a very clear
supernatant. For all practical purposes, after centrifugation, all poly(AAm)-
g-PEOMA flocculants produced supernatants that were essentially free of fine
particles. Although the differences are statistically significant and indicate
that the polymer microstructure affects turbidity, these differences may have
little practical significance, since all of them satisfy the condition of less than
0.5% solid residues in the supernatant indicated by Directive 085.[185]

B.3.6 Further Consolidation through Centrifugation

An interesting observation obtained through this study was the effect of cen-
trifugation on the solids content of the sediments, compared that obtained in
settling over a single day. By dividing the solid content of the centrifuged solids
by that of the 24 hour settled solids, we were able to compare the increase in

solid content by centrifugation. Figure B7a and Figure B7b show the ratio
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of solid content obtained after 24 h settling to one obtained after centrifuging

flocculated samples under 500 x g for 2 minutes.

The higher the PEOMAY% in poly(AAm)-g-PEOMA, the greater the increase
in solids content. The centrifuge increases the g-force on the sample, forcing
the aggregates to settle to the bottom of the centrifuge vials, where the high
hydrophobic PEOMA groups decrease the amount of water trapped inside of
the sediments. Equally important, the lower the [I], the higher the molecu-
lar weight of poly(AAm)-g-PEOMA, and the greater the effect of centrifuga-
tion on the solids content. The impact of poly(AAm)-g-PEOMA molecular
weight is shown most clearly by Figure B7b, as the area of the graph showing
the greatest increase in solids content corresponds to low [I] values and high
PEOMA%. As shown by Figure B7b, PEOMA length is not very significant
in terms of solids content improvement by centrifugation. This may be be-
cause the PEOMA length was not significant in the molecular weight of the
copolymer, and thus, the additional g-force did not improve compaction of the

sediments based on this variable.
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B.3.7 Application of our Model to Other Systems

As mentioned in the introduction, Reis et al.[10] explored the addition of hy-
drophobic groups to an acrylamide backbone. They found similar results with
Poly(AAm)-g-PPO (poly(propylene oxide methacrylate)) copolymer, where
the shorter length grafts with higher content of grafts performed the best.
Also, they found that one of the best copolymers using the longer PPO length
(1000 gmol~! macromonomer) was when they used only 5 wt% PPO. The com-
bination hydrophobic chain length and low wt% was required in our model so
there was less steric hindrance. The only copolymer with the longer PPO
length that performed better in some tests was a 35 wt% PPO, but it per-
formed better in CST, where our model states that the additional hydrophobic
groups would expel water faster, producing a lower value. The alignment be-
tween their results and our conclusions confirms that our model is applicable

in similar polymer systems where a hydrophobic chain is added to acrylamide.

Shang et al. also added hydrophobic groups to acrylamide, making P(AM-
DMAC-MAPMS), poly(acrylamide-methacryloyloxy ethyl trimethyl ammo-
nium chloride-methacryloxypropyltrimethoxysilane). The hydrophobic groups
are relatively small, only having two and three repeating units for the DMC
and MAPMS, respectively. According to our model, the shorter hydrophobic
group length would indicate that a larger amount of the DMC and MAPMS
would be required in order to achieve optimal effects. Although their floc-
culation testing was not performed by using MF'T, they still concluded that
the higher feed ratios of hydrophobic group increased the performance of their
flocculant. Their findings also coincide with ours with respect to the ISR and
turbidity trends, as the low chain length required higher molecular weight, rep-
resented by intrinsic viscosity reported in their work, and a higher percentage

of hydrophobic groups to perform well.[175]

B.3.8 Conclusion

As discussed through the different optimal variables for each one of the de-

watering tests, there is no ‘perfect’ polymer for treating MFT; however, it is
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possible to tailor a polymer for specific flocculation purposes. Depending on
the required characteristics of flocculation, one is able to synthesize a poly-
mer based on a specific set of criteria. This study allowed us to delve deeper
into the reasons behind enhanced flocculation performance gained by the addi-
tion of hydrophobic chains to an acrylamide backbone. Through the analysis
of the effects of initiator concentration, PEOMA length, and PEOMA wt%,
we determined the effect of hydrophobic chain addition to acrylamide copoly-
mers. Adding many hydrophobic chains (greater than 30 wt%) can effectively
help in the dewatering performance of the flocculant, shown in the ISR and
CST tests, but may not capture all of the fine particles, leading to a higher
turbidity. A lower initiator concentration (higher molecular weight) was also
shown to improve flocculation performance in most categories. The length
of hydrophobic chains was observed to be of mild importance — the shorter
chains required a larger percentage of hydrophobic groups to achieve the same
effects as the larger chains, whereas the longer hydrophobic chains needed a

low weight percent of PEOMA to prevent steric hindrance.

Although most poly(AAm)-g-PEOMA copolymer molecular weights studied
were low (smaller than 200,000), we still observed very good flocculation per-
formances from all polymers tested. This contradicts the most common as-
sumptions about flocculants, but it actually has some advantages as well.
There are benefits to having low molecular weights, as high molecular weight
flocculants will lead to an increase in viscosity and may cause problems such
as non-uniform mixing. Reis et al. also noted that having a lower molecular
weight flocculant allows for a wider window of mixing environments in which
the flocculant may be used.[10] One should note that the findings of this study
are restricted to the conditions we investigated in our experiments and cannot
not be extended uncritically to other situations (such as different vessel ge-
ometries, shear rates, primary solids contents, and polymer dosages) or even
other tailings. Inspired from our study, more research should be conducted to
optimize the microstructure of polymer flocculants so they can achieve their

optimum performances under a wide range of operating conditions.
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Appendix C

Mathematical Modeling of Free

Radical Copolymerization

This appendix describes the mathematical modeling of free radical copoly-
merization and explains the steps taken to construct bivariate distributions of
molecular weight and chemical composition, similar to ones shown in Figure
3.10 to Figure 3.14. An example of the microstructure simulation of an im-
portant industry standard flocculant, poly(AAm-co-AAc), is also discussed to
show the effect of polymerization temperature on the properties of the copoly-
mer. The model is based on the pioneer work of Xie and Hamielec,[84] who
proposed the method of pseudo kinetics rate constant to model free radical

polymerization.
The following mechanism is widely accepted for free radical copolymerization,

Radical formation
155 2fRY
Chain initiation
R? + M, <55 Ry,

o ki2 o

Chain propagation
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m,n 1y
R%,n 1t M, & R%,n+1,2
(r)n,n,2 + M1 & Rzﬁ-l,n,l
R‘fn,n 5+ Mo & fn,n+1,2
Chain transfer
To monomer
R%,n,1 + Ml kfi> Pm,n + Rio,l
Rﬁ%,n,l + M, kfi> Pm,n + Rg,l,Q
R?n,n,? + M, kfi> Pm,n + Rio,1

22

k
an,n,Q +My — Py + R8,1,2

Chain termination
By combination
k
o o) tcll
R‘m,n,l + R’ ? Pm+r,n+s

r,s,1

ktc12
o o
Rm,n,l + R } Pm—l—r,n-‘rs

r,8,2

0 0 ktc22
Rm,n,Q + R ? Pm+7’,n+s

7,8,2
By disproportionation
k
R(r)n,n,l + RO td11> Pm,n + Pr,s

r,5,1

k
Rovn1 TR oo == P +Prs

r,s,2
ktd22

an,n,Z + Ro ’ Pm,n + Pr,s

7,5,2

where M; and M, are monomers 1 and 2, respectively, [ is the initiator, I¢
is primary radicals formed by decomposition of initiator 7, Ry . is polymer
radical ending with monomer 1 (the radical head) that has m units of monomer
1 and n units of monomer 2, respectively. In the similar fashion, R}, , , is the
polymer radical ending with monomer 2 (the radical head) that has m units
of monomer 1 and n units of monomer 2, respectively. P, ,, is a dead polymer
chain with m units of monomer 1 and n units of monomer 2. The rest are
rate constants, for example, k; is initiator decomposition rate constant, ki,

is propagation rate constant of radical ending with monomer 1 propagating
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with monomer 2, kf9; is transfer-to-monomer rate constant of radical ending
with monomer 2 transferring to monomer 1, or k;.; is the termination by
combination rate constant of radical ending with monomer 1 terminating with
monomer 1, while k;411 is the termination by disproportionation rate constant
of radical ending with monomer 1 terminating with monomer 1. f is fractional

initiator efficiency.
The above elementary reactions contain the following assumptions:

e Terminal model (the rate constant only depends on the chain end type,
that is the last monomer carrying radical decides the chain reactiv-
ity)[186]

e No transfer to polymer (no branching)

If the long-chain approximation is also assumed, that is the rate of propagation,
termination and transfer reactions are independent of the chain length, the

copolymerization elementary reactions will be reduced to the following:

Radical formation
155 2fRY
Chain initiation
R? + M; =1 R?
R? + M, —25 RS

Chain propagation
RO + M, 24 RO
RO + M, 225 RY
RS + M, = R?
RS 4+ M, <5 RS

Chain transfer
To monomer
R{ +M; % Py 4 R{
R¢ + M, - P, 4 RY
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RS +M; 25 P, + Ry
RS + M, 2% P, 4 RY

Chain termination
By combination
R 4+ Ry 2<% Py,
RY + RS 22, p,
RS+ RS 222 p,
By disproportionation
R¢ + Ry 244 P, 4+ Py
R 4+ Ry X412 p, 4 P,
RS+ Rg 242 p, + P,

where .
(RY) = [R2)]
[RS) =[R2,

C.1 Rate of Polymerization

Looking at the elementary reactions above, the total rate of the copolymer-

ization (R),) is

Ry = kn[RY][Mi] + kan [R3][Mi] + k1o RY|[Ma] + koo [ R3] [ M)

Equation (C3) can be written as (similar to homopolymerization)

R, = K,[M][R]
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where

2
Kp =Y kp®if; (C7)

i=1 j=1
where
[M;]
fi= = (C8)
> [Mi]
[R7]
ST (C9)
> R
Similarly, the rate of termination can be written as
Rt - Kt[RO]Q (Clo)
where
2 2
Ky = K+ K= szn’j@?@; (C11)

i=1 j=1

Making the steady state assumption on radicals, the rate of termination equals

the rate of radical decomposition,

2fkilI] = K([R°]? (C12)

Note that the steady state approximation is only valid considering no gel-effect
in the reactor.[187]
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Equation (C4) can then be written as

R, = T, 2

= (C13)

Similarly, the pseudo kinetic rate constants for chain transfer to monomer is

2 2
K=Y > k@ f; (C14)

i=1 j=1

Another good approximation for binary copolymers is that, on average, the
probability of monomer 1 following monomer 2 in a chain is approximately
equal to the probability of monomer 2 following monomer 1 in the chain with
error +1 unit,[84] that is

kor [R5} [M1] & ko[ RY][Mo)] (C15)

Equation (C15) helps calculate ®¢ and $§ as

ka1 f1
O —— C16
! ko1 f1 + k12 fo ( )
o k12 fo (C17)

[ — L —
2 ko1 f1 + k12 fo

C.2 Bivariate Distribution of Molecular Weight

and Composition

The instantaneous bivariate distribution of chain length and composition is
given by [188, 84]
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7+ 8)lr + 57+ 8)(r — 1)

y.(mw; — muws)
Fimw, + (1 — Fy)maws

1 s 1 y?
7718 Varer P 507

W(r,y,t) =[1+

(C18)

x( )

where mw; and mwsy are molecular weight of monomer 1 and monomer 2,
respectively, F} is the average composition of monomer 1 in copolymer chains

produced instantaneously. 7 and 3 are defined as

r o Bl K (C19)
K,[M] K,
F I}
B = Kol 7] (C20)
Kp[M]
02 is defined as
> _ falax (C21)
T
with
X =[1—4F (1 = F)(1 —rry))/? (C22)

where r; and ry are reactivity ratios of monomer 1 and monomer 2, respectively,

y is the composition deviation defined as

y=u — I (C23)

with y; being the composition of monomer 1 in a single given copolymer chain
produced instantaneously, while F} is the average composition of monomer 1

in copolymer chains produced instantaneously.
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Integrating Equation (C18) with respect to y gives the instantaneous molecular

weight distribution of the copolymer as

1

W(r,t)=(r+ B)[r + E(T + B)(r — 1)]r(m

5 )" (C24)

From the instantaneous bivariate distribution, Equation (C18), one can calcu-
late the cumulative bivariate distribution of copolymer and molecular weight

(the accumulated copolymer in the reactor after a given conversion) as

_ "W r, Y, t) R, (t)mwewe (F1, Fo)dt
0 P

Wiry,t) = JE Ry ()Mt (Fy, Fy)dt (C25)

Integrating Equation (C26) with respect to y, gives the cumulative (accumu-

lated) molecular weight distribution of the copolymer as

Tont) = /1 W 0.8) — Jo W(r,t) Ry (t)mwaye(Fy, F)dt (C26)
’ -1 s fot R, (t)mwgye (Fy, F)dt
where
R R
mwave(Fla FQ) = mwl(_pl) + me(_pZ) (027)

Ry Ry

In order to calculate the instantaneous and cumulative bivariate distribution
of copolymer composition and molecular weight, one needs to know the values
for R,, 7, 8, fi and fs, which can be found by solving population balances
for the system. The advantage of using the pseudo kinetic constant method is

that one can treat the copolymerization as homopolymerization. [189]

For polymer radicals with chain length unity (r=1),

d[R7]

o =2fki[l] + K g [RO)[M] = K[ R{[M] = K g [R7)[M]

(C28)
— K[ R{|[R’]
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For dead polymers with chain length unity (r=1),

d[ 7]
dt

= K d[R{][R°] + K o[ RY][M] (C29)

For polymer radicals with chain length r (r#1),

dR)] — ., _ K. IR° — K([RO)[R°
0 =K [R](M] = K [R)[M) — KRR (C30)

— K [RY][M]

For dead polymers with chain length r (r#1),

dgjl “K R [R) + K R [M]
o B (C31)
= 5K ) IR = K g [R)[M]

Using the method of moments, the moments for live chains (polymer radicals)

and dead chains are defined as

Y; = iri[}zﬁ] (i=0,1,2,..) (C32)
Qi = irim] (i=0,1,2,..) (C33)

Using the moments definitions, the population balances in Equation (C28) to
Equation (C31) become

dyy K+ [R° K °
— =2k (1) 4+ K o RO)[M) + K[ M][R°) (C34)

— (K[R°) + K [ M])Yy
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dYs K, (R K ’
g—2fk1[1]+Kfm[R][M]+KP[M][2Y1+[R ) (C35)

— (B[R] + K [ M])Y:

0Q = A e :

= (Kua+ 5 Ku) [RP 4+ K [ M][R°] (C36)
T (KR + K gl MY, (Cs7)

dd%? = (K\[R°] + K [ M])Ys + Ko Y7 (C38)

C.3 Case Study: Mathematical Modeling of
Polymerization of Poly(AAm-co-AAc)

Table C1 shows the kinetics parameters for the simulation of poly(AAm-co-

AAc) microstructure.

Table C1: AAm/AAc copolymerization simulation conditions

Parameters Values
Feed composition (f44m.0) 0.7
Monomer concentration [M] 40 wt%
Initiator concentration [I] 0.001 mol.LL™*
TAAmM (pH Sﬁ) 2.2

rane (pH <6)[190] 0.58

In industrial batch polymerization of flocculants (with poly(AAm-co-AAc)
being the industry standard flocculant), often the heat out of the exothermic
polymerization reaction is used to carry over the reaction to full conversion.
As an example of the effect of operating parameters on final copolymer prod-

uct, the model above was used to simulate two cases: I) Constant temperature
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(isothermal conditions) and II) Varying temperature. In Case I, the temper-
ature was set to 50°C, while in Case II the temperature started at 20°C and

then (due to reaction heat) ramped up to 100°C at full monomer conversion.
Targeted properties (model outputs) of the simulation are:

e Polymerization rate (conversion)

e Evolution of average molecular weight with respect to conversion

e Molecular weight distribution of the final product (polymer produced at

full conversion)

e Evolution of chemical (comonomer) composition with respect to conver-

sion

e Bivariate distribution of molecular weight and chemical (comonomer)

composition

Table C2 shows the rate coefficients used for the simulation of AAm/AAc

copolymerization.

Table C2: AAm/AAc kinetics rate coefficients

Rate coefficients Values

kr 9.24 x 1014915/ [77]

ki 0.5 x 107e(~2189/T) (- w1 (0-0016T+1.015)) [77]
ko 3.2 x 107e(71964/7)(0.11 + 0.89¢~32) [191]
k1s ki1 /r

ko1 koo /1o

ki 2 x 1010~ ((19914+1477w1)/T) [77]

K20 9.8 x 101~ 1860/T(1.56 — 1.77w3) x 307044 x 10~45%016 [191]
ktcll ktdll (assumcd)

Kcao Ktazo (assumed)

i1z = kieor = ka2 = ka2 (Kter1 + Kazz) /2 (assumed)

ki k11 x 0.00118¢~1002/T) [77]

koo = kg2 = ks ki1 (assumed)

Solving the moments equations (Equation (C34) to Equation (C38)) using the
given rate coefficients and the method of pseudo kinetic rate constants, we

found the targeted outputs as shown in Figure C1 - Figure C8.
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Figure C1: Monomers (total and individual) conversion versus time for the isother-
mal batch reactor. AAm is used up faster in the reactor.
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Figure C2: Total monomer conversion with respect to time comparing the effect
of thermal condition of the reactor on the rate of polymerization.
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Figure C3: Evolution of the average molecular weight of the copolymer with
conversion, comparing two cases of isothermal and non-isothermal conditions.
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Figure C4: Evolution of polydispersity of the copolymer with conversion, compar-
ing two cases of isothermal and non-isothermal conditions.
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%107 Effect of temperature on MWD (cumulative)
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Figure C5: Molecular weight distribution of the copolymer at full conversion (final
product), comparison two cases of isothermal and non-isothermal reactions.
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Figure C6: Composition drift in AAm and AAc batch polymerization reactor.
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Figure C7: Bivariate chemical composition/molecular weight distribution of the
copolymer at full conversion in isothermal condition. The left plot is surface plot
and the right graph is top view contour plot.
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Figure C8: Bivariate chemical composition/molecular weight distribution of the
copolymer at full conversion in non-isothermal condition. The left plot is surface
plot and the right graph is top view contour plot.
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Appendix D

Supplementary Information for
Chapter 3

D.1 ANOVA tables

Table C1: ANOVA table- ISR

Df SS MS F P comment

Xi(L) 1 3.715 3.715 103.780 0.00002 significant
X1(Q) 1 0.150 0.150 4.131 0.08161 significant
Xo(L) 1 0.230 0.230 6.404 0.03919 significant
X2(Q) 1 0.000 0.000 0.0273 0.87354

X3(L) 1 0.151 0.151 4.220 0.07903 significant
X3(Q) 1 0.001 0.001 0.045 0.83858

X1X5 1 0.069 0.069 1.953 0.20498

X1X5 1 0.021 0.021 5.777 0.04722 significant
X0 X3 1 0.031 0.031 0.870 0.38208

Error 7 0.250 0.250
Total SS 16 4.716
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Table C2: ISR at different M,, and Faam

Faam M, (kg mol™") ISR (cm h™') dosage (kppm)
0 90 6.22 3
0.24 94 10.10 8
0.24 200 15.56 8
0.5 185 19.65 8
0.5 201 26.50 8
0.5 1324 30.03 8
0.83 1050 42.57 8
0.83 1450 86.80 8
0.99 1819 148.51 8
Faam (p value)=0.021 M, (p value)=0.092 R2 =093

Table C3: ANOVA table- CST

Df SS MS F P comment
X1(L) 1 0.061 0.061 84.567 0.00004 significant
X1(Q) 1 0.034 0.034 47.559 0.00023 significant
Xo(L) 1 0.000 0.000 0.0277 0.87239
Xo(Q) 1 0.000 0.000 0.837 0.39051
X3(L) 1 0.031 0.031 42.756 0.00032 significant
X3(Q) 1 0.025 0.025 34.432 0.00069 significant
X1X5 1 0.000 0.000 1.077 0.33719
X1X3 1 0.018 0.018 24.866 0.00158 significant
X0 X3 1 0.000 0.000 0.146 0.71348
Error 7 0.005 0.000
Total SS 16 0.156
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Table C4: ANOVA table- turbidity of supernatant

Df SS MS F P comment
X1(L) 1 6.717 6.717 34.136 0.00063 significant
X1(Q) 1 2870 2.870 14.584 0.00655 significant
Xo(L) 1 0.001 0.001 0.007 0.93362
X2(Q) 1 0513 0.513 2.608 0.15030
X3(L) 1 1.670 1.670 8.489 0.02254 significant
X3(Q) 12749 2.749 13.972 0.0072 significant
X1Xs 1 0.002 0.002 0.008 0.92823
X1X5 1 3.927 3.927 19.958 0.00291 significant
X9 X3 1 0.044 0.044 0.223 0.65081
Error 7 1.377 0.196

Total SS 16 19.632

Table C5: ANOVA table- SRF

Df SS MS F P comment
X1(L) 1 5344 5.344 142.37 0.00000 significant
X1(Q) 1 0422 0.422 11.246 0.01219 significant
Xo(L) 1 0.004 0.004 0.113 0.74626
X5(Q) 1 0.001 0.001 0.022 0.88516
X;3(L) 1 4254 4.254 113.333 0.00001 significant
X3(Q) 1 0459 0459 12.245 0.01000 significant
X1 X 1 0.010 0.010 0.287 0.60867
X1X3 1 2646 2.646 70.495 0.00007 significant
XoX3 1 0.020 0.020 0.554 0.48084
Error 7 0.262 0.037

Total SS 16 12.722
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D.2 Residual Plots
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D.3 Estimation and Validation of AAm/DADMAC

Copolymer Compositions

The following equations were used to estimate copolymer compositions at very
low conversions, where the substantial composition drift in the comonomer

mixture could be neglected,

F, = o= fl-o )
dh _ Hh—-F

dr ~ 1—x (C2)

P rifi 4 fif (C3)

- rfE+2f1 o+ rofs

The following example calculations show how one can estimate Fy (F AAm), at a
given conversion (x), as a function of initial feed composition fio (faamp). Let
r1= 5.7, o= 0.03, and fio= 0.4. If we substitute F; in Equation (C2) (Skeist
equation) by Fj from Equation (C3) (instantaneous Mayo-Lewis equation)
and numerically solve it for f; and x, we get a solution as Figure C5. At 5%
conversion f; is about 0.38 from Figure C5. Now, by substituting fi, fi9, and
r in Equation (C1) (a simple mass balance), we calculate F; to be 0.78. If
we do the same for other initial feed composition points, we get Figure C6
that correlates F; as a function of initial feed composition after reaction has

proceeded to only very low conversions (i.e. 5%).

The polymerization time needed for 5% conversion were estimated with Equa-

tion (C4),
~_dM] K 0.5 1 1
Rp = - W@ﬂﬁ) [M] (C4)

where f is the fractional initiator efficiency (fa 0.8), k;j is the initiator decom-

position rate constant, 8.3x107% 571, and kTZi% is the lump kinetic constant.
t
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It is known that propagation of radical chains does not follow the classic first
order kinetic for the aqueous system of AAm and DADMAC. The propaga-
tion rate coefficient changes as a function of monomer/comonomer ratio. The

constant « in Equation (C4) shows this proportionality.

Figure C7 shows the lump rate constants, estimated from the kinetic data
published in the work of Brand et al., as a function of initial mole fraction for

polymerization conditions in this study.[74]

1.6 -
1.2 -

0.8 -

-0.5
k,k,

0.4 - .o

0 0.1 0.2 0.3 0.‘4 0.‘5 0.‘6
faam,o
Figure C7: Lump rate constants for aqueous free radical copolymerization of AAm

and DADMAC at 50°C, 1.5 mol L~" as a function of initial molar composition of
AAm in the feed, estimated from the data published in Brand et al.[74]
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Following the the calculations described above, it is easy to find initial feed
compositions needed to obtain copolymer compositions suggested by our ex-
perimental design for the flocculation. The copolymer compositions were val-

idated using quantitative 'HNMR. Table C6 summarizes these data points.

Table C6: F 44,, at different initial compositions obtained from the kinetic model
versus NMR data

fAAm,D FAAm,model FAAm,NMR
0.03 0.24 0.21
0.1 0.50 0.43
0.39 0.83 0.81
0.95 0.99 0.96

D.4 Estimation of AAm/VBTMAC Copoly-

mer Composition and Reactivity Ratios

Poly(AAm-co-VBTMAC) composition was determined by the ratio the VBT-
MAC peaks to the polymer backbone peaks. VBTMAC repeat unit peaks
appear at 6.6 - 7.5 ppm (aromatic H), 4.2 - 4.6 ppm (Ar-CH-N), and 2.6 - 3.3
ppm (-N*(CHgz)3). The polymer backbone peaks appear at 1.0 - 2.0 ppm (-
CH,-) and 2.0 - 2.5 ppm (-CHR-). Smaller peaks from 5.3 - 6.3 ppm, and at 7.5
ppm are signals from residual monomers. The composition of the copolymer
was calculated from the area under the curve for the polymer backbone peaks.
The area for each peak is normalized to the number of hydrogen atoms in the
functional group. The sample spectra in Figure C8 corresponds to copolymers
with 50%, 55%, and 65% acrylamide. As seen, by increase of the acrylamide
content in the copolymer, the relative area of the VBTMAC peaks decreases

compared to the polymer backbone. Equation (C5) calculates the copolymer

The supplementary information given in this appendix for estimation of copolymer composition and reactivity ratios for
the system of AAm/VBTMAC is due to Mr. Daniel V. Dixon and will be published in his thesis
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composition by averaging over three VBTMAC peaks to minimize integration

error compared to using just one peak for the calculation.

1/4A, + 1/24; + 1/94,

Fapm=1-— (C5)
Aabcd
where A., Ay, Ay, Agpeq are areas under the curve for peaks e, f, g, and abed,
respectively.
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Figure C8: 'HNMR sample spectra of AAm/VBTMAC copolymers. Peaks are
labelled with the assigned functional group.

AAm/VBTMAC reactivity ratios were determined using kinetic data obtained
from NMR experiments. This technique has been used on a number of copoly-
mer systems including acrylamide, acrylic acid, methyl methacrylate, and dial-
lyldimethylammonium chloride, and 2-(acryloyloxyethyl)trimethylammonium
chloride monomers. [192; 101, 193, 194] The free radical polymerization of
VBTMAC and AAm were performed in standard 5 mm NMR tubes in an
Agilent 400 MHz spectrometer. Total monomer concentration of 0.25 mol.L !
with varying ratios of VBTMAC to AAm were prepared with V-50 (0.0025
mol.L™!) used as the initiator. The solution was prepared in DyO and purged

of air and backfilled with Ny before being sealed in the NMR tube. NMR
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tubes were refrigerated until the NMR spectrometer was ready. The NMR
sample chamber in the spectrometer was heated to 50 °C with hot air flowing
through the chamber. Once the temperature reached equilibrium, the sample
was added and the spectrometer was tuned and shimmed at the reaction tem-
perature. "HNMR spectra were collected every two minutes for two hours (60
spectra). A set of sample spectra for the copolymerization of VBTMAC and
AAm is seen in Figure C9.
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Figure C9: 'HNMR spectra of the polymerization of AAm with VBTMAC over
time. Vinyl hydrogen peaks between 5.5 ppm and 7.1 ppm decay over the course of
the reaction. Broader polymer peaks begin to form over time.

Monomer concentration over time was calculated from the area under the
vinyl hydrogen peaks. Conversion and the monomer molar fraction could be
calculated from the concentration. Reactivity ratios for the copolymerization
of AAm with VBTMAC were estimated from the comonomer fraction data
using a non-linear parameter estimation technique along with direct numerical
integration. Figure C10 depicts the change in fraction of acrylamide (faan,) as
a function of conversion. The data was fitted with a model by simultaneously

solving the Mayo-Lewis equation (3.3) with the material balance in the form
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of Equation (3.2). Reactivity ratios were estimated using orthogonal distance
regression and converged when ry4,, = 0.46 £+ 0.03 and rygryac = 2.48 +

0.09, where the errors are in 95% confidence intervals.

The reactivity ratios demonstrate that VBTMAC reacts faster than AAm.
Similar results have been observed with water soluble ionic monomers when

reacting with acrylamide.[193, 194]
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Figure C10: Acrylamide fraction (f44,,,) as a function of total conversion. Each
color represents an independent reaction monitored by '"HNMR. Solid lines shows
the model fitted with reactivity ratios raa,, = 0.46 and ryprayac = 2.48.

The reactivity ratios were validated by experiments done at the bench scale.
Samples from reactions were taken at low conversion (below 5%) to ensure no
composition drift was occurring. Figure C11 is the Mayo-Lewis plot illustrating
how the instantaneous copolymer composition depends on the monomer mole
fraction. The composition of the synthesized copolymers was measured by
NMR and the results agree with the reactivity ratios calculated from the NMR

kinetic experiments.
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Figure C11: Mayo-Lewis plot of the instantaneous copolymer composition. Blue
circles are data collected from NMR kinetic experiments, and red circles are from
samples collected at low conversion
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