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Abstract 

 

Bitumen is most commonly extracted from oil sands using the Clark hot water extraction process 

that produce slurry residues, called tailings. Sand particles in tailings quickly settle and produce 

mature fine tailings (MFT), which are stored in large tailing ponds. Currently, tailing ponds cover 

about 257 km2 of Alberta’s oil sands region, and only a small fraction of this large area has been 

reclaimed.  

Paste technology, which involves the use of polymeric flocculants, is commonly used to treat oil 

sands tailings. However, existing commercial flocculants—polyacrylamide (PAM) or partially 

hydrolyzed anionic polyacrylamide (HPAM)—still suffer from limitations such as shear 

sensitivity, poor dispersion in tailings, inability to flocculate fine clay particles effectively, and 

retention of large amounts of water in the sediments. 

Many investigations such as, modification of acrylamide polymers by addition of hydrophobic 

groups, and synthesizing partially hydrophobic flocculants with novel chemistries have been done 

to improve MFT dewatering. Most of these studies highlighted how hydrophobic modifications 

could enhance MFT dewatering, but the relation between flocculant microstructure and its 

flocculation and dewatering performance is still missing.  

This thesis addresses some of these challenges by synthesizing a family of novel partially 

hydrophobic flocculants composed of hydrolyzed poly(methyl acrylate) side chains of different 

molecular weights and densities grafted via reverse ATRP onto two ethylene-propylene-diene 

(EPDM) backbones of different molecular weights. We investigated how graft molecular weight 
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and density, as well as backbone length, affected the flocculation and dewatering of oil sands 

mature fine tailings (MFT) through a statistical approach.  

 

This research was broken down into three main investigations: 

1- Synthesis of ethylene/propylene/diene terpolymers grafted with hydrolyzed poly(methyl 

acrylate) (EPDM-g-HPMA). 

EPDM terpolymers were grafted with PMA by reverse ATRP. Two EPDM samples with the 

same 5-ethylidene-2-norbornene, ethylene, and propylene fractions, but different weight 

average molecular weights, were used as backbones. The PMA graft molecular weights and 

densities were controlled by varying the concentration and conversion of methyl acrylate, as 

well as the concentration of initiator. The grafted copolymers were characterized by Fourier-

transform infrared spectroscopy, proton nuclear magnetic resonance, and gel permeation 

chromatography to measure the graft densities and molecular weights of the grafted 

copolymer. Copolymers with graft molecular weights varying from 12 to 179 kDa and grafting 

densities from 11 to 53 % were made following this procedure.  

 

2- Assessing the characteristics of the novel partially hydrophobic flocculant (EPDM-g-HPMA) 

on the flocculation and dewatering of mature fine tailings. 

In this study, the impact of the side chains molecular weight and density of EPDM-g-HPMA 

on the flocculation and dewatering of oil sands mature fine tailings were assessed using a 

central composite experimental design by measurements of initial settling rate, capillary 

suction time, supernatant turbidity, and sediment solids content. Flocculants with high 
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molecular weight grafts and low grafting densities reduced initial settling rates, decreased 

supernatant turbidities, and increased the sediments solids content. The capillary suction time, 

however, depended mostly on the charge density and on the hydrophobicity of the grafted 

copolymer. The effect of the EPDM backbone molecular weight was also investigated. Shorter 

backbones resulted in flocculants that dispersed more easily in water and consequently, settled 

the sediments faster, decreased the supernatant turbidity and increased the solids content in 

the sediments.  

 

3- Evaluation of floc structure and its effect on dewatering and rheology of the flocculated MFT.  

In this study, a combination of confocal microscopy and rheology was used to investigate the 

effect of EPDM-g-HPMA graft density on its dispersion in water, sediment solids content and 

long-term dewatering of oil sands tailings. Microscopy observations and rheology 

measurements showed that increasing graft density from 30 % to 50 % makes the flocculant 

easier to disperse in the medium and consequently, leads the flocculant with higher graft 

density to produce sediments with higher solids contents, increase the rate of initial 

dewatering, and also enhance the viscoelastic response of the flocculated sediments right after 

sedimentation. However, the long-term rheological properties of the flocculated sediments 

were similar for all flocculants. Tri-dimensional microscopic details of the spatial distribution 

of water within the flocculated sludge showed that increasing the graft density in EPDM-g-

HPMA causes trapping more water within the individual flocs and consequently, decreases 

the post-flocculation dewatering rate.   
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Chapter 1 

 

1 Introduction 

 

1.1 Motivation 

Natural  bitumen deposits  are  reported  in  many  countries  including  Canada, Venezuela,  the  

United  States, and Russia [1]. In terms of proven global crude oil reserves, Alberta ranks third, 

after Saudi Arabia and Venezuela. In 2017, Alberta's total proven oil reserves were 165 billion 

barrels [2]. Bitumen is extracted from oil sands using the Clark hot water extraction (CHWE) 

process. This process includes mining the oil sands ore, crushing it, and mixing it with warm water 

and caustic at 75-80 °C to make a slurry. The formed slurry is transferred to a primary separation 

vessel (PSV) to liberate and aerate bitumen aggregates from the slurry. The bitumen froth, 

recovered from the PSV, is transferred to the froth treatment stage to recover more bitumen, and 

the slurry residues, called tailings, are transported to tailing ponds for solid-liquid separation [3]. 

Figure 1-1 shows the general process flowsheet for oil sands processing. 

1 
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Figure 1-1: Scheme for oil sands processing using the Clark hot water extraction process [3]. 

 

Oil sands tailings are aqueous suspensions of coarse sands (particles greater than 44 µm), fine 

solids and clays (particles less than 44 µm), and 1‐5 wt. % residual bitumen, with pH varying from 

8 to 9 [4]. In the pond, the coarse particles settle rapidly, but the fine solids remain suspended 

above the sediments. After three to five years of settling, the concentration of suspended fine solids 

reaches 30 to 40% by weight, which is known as mature fine tailings (MFT). It may take centuries 

to consolidate untreated MFT [5].  

Tailings ponds and their operating structures covered about 257 km2 of Alberta’s oil sands region 

in 2016 [6]. Unfortunately, only a small fraction of this large area has been reclaimed thus far. 

Therefore, it is essential to find more effective ways to separate the suspended solids from the 

water trapped in tailing ponds. 

Different chemical and mechanical methods have been developed to treat oil sands tailing: 1) 

consolidated tailings, 2) paste technology, 3) filtered tailings, 4) thin lift dewatering, 5) centrifuge 
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fluid fine tailing, 6) rim ditching, and 7) wet landscape reclamation. Unfortunately, none of these 

methods can dewater tailings above the 75 wt. % solids required for land reclamation [5, 7]. 

Paste technology, which involves the use of polymeric flocculants, is commonly used to treat 

different types of mining waste. For oil sands tailings, paste technology is often combined with 

other treatments, such as coagulation and centrifugation. To date, most studies have used 

commercially available polyacrylamide (PAM) or partially hydrolyzed anionic polyacrylamide 

(HPAM) [8] flocculants. Despite promoting fast settling and initial water release rates, both PAM 

and HPAM suffer from limitations such as shear sensitivity, poor dispersion in tailings, inability 

to flocculate fine clay particles effectively, and retention of large amounts of water in the sediments 

[9].  

To address these challenges, many investigations have done to develop polymer flocculants with 

novel chemistries as alternatives to polyacrylamide flocculants. For example, natural polymers 

[10], inorganic–organic hybrid PAM flocculants [11-13], stimuli-responsive polymers [14-17], 

cationic copolymer flocculants [18, 19] or partially hydrophobic polymers [20-22].  

Recently, new hyperbranched polyethylenes containing polar functional groups, such as acrylic 

acid, were synthesized and used to densify oil sands tailings [20, 21]. The authors showed that in 

the presence of cations in the process water, the polar functional groups in the hyperbranched 

functionalized polyethylene adsorbed onto the surface of the clay particles, causing them to 

flocculate. Because of their hydrophobic polyethylene cores, more water was expelled from the 

sediments. Compared to a commercial HPAM, the hyperbranched functionalized polyethylene 

flocculant had better flocculation and dewatering performance. However, its low molecular 

weights of only up to 7000 g/mol and its insufficient polar group density, limited its flocculation 

behaviour [20, 21].  We need to address this limitation by graft polar polymer chains to the 

polyolefin backbone to produce functionalized polyolefin copolymers with higher molecular 

weights and higher polar functional groups for treating oil sands tailings. 

 

1.2 Research Objective 

The specific objectives of this thesis were: 
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I. Synthesis of a family of novel hybrid flocculants by reverse ATRP combining a 

hydrophobic ethylene/propylene/diene copolymer backbone and hydrolyzed poly(methyl 

acrylate) grafts (EPDM-g-HPMA)  

II. Systematic investigation of how graft molecular weight and density, as well as backbone 

length, affect the flocculation and dewatering of oil sands tailing using a statistical 

approach. 

III.  Study the effect of the polymer grafting density on the post flocculation long-term 

consolidation. 

 

1.3 Thesis Outline 

This thesis consist of 6 chapters. Chapter 1 (the current chapter) introduced the challenges 

associated with the treatment of oil sands tailings, motivations behind this work, and the objectives 

of this thesis.  

Chapter 2 discusses the fundamentals related to the MFT composition and colloidal suspensions.  

This chapter also reviews the flocculants used for dewatering of MFT. Further, it reviews the 

literature on the functionalization of polyethylene by a variety of methods, which was the starting 

point for us to make functional polyolefin graft copolymer flocculants to treat oil sands tailings. 

Chapter 3 explains the synthesis of ethylene-propylene-diene terpolymers (EPDM) grafted with 

poly(methyl acrylate) side chains with controlled graft molecular weights and densities by reverse 

atom transfer radical polymerization (ATRP). Further, it shows that this process could be 

conducted successfully by comparing mathematical modelling estimates with polymer 

characterization results.  The results obtained in this chapter are published as Z. Rostami 

Najafabadi and J.B.P. Soares, “Ethylene/Propylene/Diene Terpolymers Grafted with Poly(methyl 

acrylate) by Reverse Atom Transfer Radical Polymerization” Macromol. Chem. Phys, vol. 222, 

article no. 2100189, 2021. 

Chapter 4 introduces ethylene-propylene-diene grafted with hydrolysed poly(methyl acrylate) 

(EPDM-g-HPMA) as a novel partially hydrophobic flocculants for treatment of oil sands tailings. 

In this chapter, we investigated how graft molecular weight and density, as well as backbone 
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length, affect the flocculation and dewatering of oil sands tailing using a statistical approach. The 

results presented in this chapter are published as Z. Rostami Najafabadi and J.B.P. Soares, 

“Flocculation and Dewatering of Oil Sands Tailings with a Novel Functionalized Polyolefin 

Flocculant” Separation and Purification Technology, vol. 274, article no. 119018, 2021. 

Chapter 5 describes the results obtained from a collaborative research with Professor Milana 

Trifcovik’s group at University of Calgary, Alberta, Canada. In this chapter, it was investigated 

how the graft density of EPDM-g-HPMA affect its dispersion in water and flocculation efficiency 

in terms of sediment solids content and long-term dewatering of oil sands tailings. The results 

presented in this chapter are published as G. Kalyanaraman, Z. Rostami Najafabadi,  J.B.P. 

Soares, and M. Trifkovic “Flocculation Efficiency and Spatial Distribution of Water in Oil Sands 

Tailings Flocculated with a Partially Hydrophobic Graft Copolymer” Appl. Mat. Interf, vol. 13, 

pp.43726-43733, 2021. 

Chapter 6 provides a summary of the investigations carried out in this thesis and 

recommendations for future work.  

Appendix A contains statistical analyses in flocculation and dewatering design of experiments. 

This appendix has been published in Z. Rostami Najafabadi and J.B.P. Soares, “Flocculation and 

Dewatering of Oil Sands Tailings with a Novel Functionalized Polyolefin Flocculant” Separation 

and Purification Technology, vol. 274, article no. 119018, 2021. 
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Chapter 2 

 

2 Background and Literature Review 

 

2.1 MFT Composition  

Oil sands tailings are waste streams of the oil sands extraction process. In terms of mineral size, 

tailings are divided into coarse sand particles with particle size of greater than 44 µm, and silt and 

fine clay particles with particle size of less than 44 µm. After tailings are transported to tailing 

ponds for solid-liquid separation, the coarse particles settle rapidly, and fresh tailings release a 

portion of their water. This water goes to the surface and recycle to the extraction process. The 

remaining slurry, containing about 15% solids, called fluid fine tailings (FFT). The FFT loses more 

water throughout the consolidation process during few years of settling and make a thick slurry 

called mature fine tailings (MFT) [1, 2].  

MFT are gel-like suspensions containing less water and finer clay particles than fresh tailings, 

which consolidate more slowly. Further, the compositions and particle size fractions of clays in oil 

sands ores and tailings differ from their produced MFT. Kaolinite is the dominant clay type in 

typical oil sand ores and tailings for an average particle size distribution; however, clays like 

kaolinite-smectite and illite-smectite with finer particles (in the range of < 2 µm and < 0.2 µm) are 

concentrated in MFT [3, 4]. 

Understanding the surface properties of clays is important as they affect the MFT dewatering. The 

most abundant clay minerals in MFT are kaolinite and illite, with small amounts of 

montmorillonite and smectite. General features of clays are small particle size with high specific 

surface area, swelling capacity, cation exchange capacity, layer charge, layered crystal structure 

and anisotropic dimensions. In general, the layered clays are made of tetrahedral and octahedral 

sheets. A tetrahedral sheet (T) consists a formation of four oxygen atoms around a cation, which 
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Figure 2-2: Layer structure of clays. a) 1:1 structure of kaolinite, b) 2:1 structure of illite [9]. 

 

A key characteristic of clay minerals is that they carry charges. The clay charges can be categorized 

in two types of structural (permanent) and surface (PH dependent) charges. Ion substitutions and 

imperfections are the source of structural charge. Ionic substitutions of higher valance cations like 

Si+4 in tetrahedral and Al+3 in octahedral sheets by lower valance cations including Al+3 in 

tetrahedral and Mg+2 or Fe+2 in octahedral structures respectively, creates the permanent negative 

charges in clay minerals. Clay surfaces also carry permanent negative charges due to ion 

substitution that are pH-insensitive; however, the edges are pH dependent and become negatively 

charged at higher pH. Hydrogen also can be replaced by cations along the edges when it is exposed 

to hydroxyls [8]. Surface charges may also be produced through the dissociation of surface groups. 

As shown in Equation 2-1, negative charges accumulate on clay surfaces due to the reaction 

between the silica and water to form silicic acid. This silicic acid also transforms to silicic anion 
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on the surface of clays, and H+ ions that diffuse into the solution. This process is pH sensitive; at 

high pH, the equilibrium shifts to the right and generates more negative charges on the clay 

surfaces. 

 

(SiO2)S + H2O ↔ (H2SiO3)S ↔ (HSiO3
-)S + H+      (2-1) 

 

A different cation exchange also takes place in the interlayers of some clays. The replacement of 

interlayer cations with larger cations cause a swelling in the clay structure. Some interlayers of 

clay structure are not accessible, like kaolinite and illite, which makes them non-swelling clays. 

However, if the interlayers are accessible and cation exchange one happens with larger cations, 

such clay structures will expand, which makes them categorized as swelling clays. The presence 

of a small fraction of swelling clays, like smectite clays, causes significant expansion in MFT 

that forms a gel-like slurry.  

 

2.2 Polymeric Flocculants 

Paste technology, which involves the use of polymeric flocculants, is commonly used to treat 

different types of mining waste. To date, most studies have used commercially available 

polyacrylamide (PAM) or partially hydrolyzed anionic polyacrylamide (HPAM) [10] flocculants 

to treat oil sands tailings. Despite promoting fast settling and initial water release rates, both PAM 

and HPAM suffer from limitations such as shear sensitivity, poor dispersion in tailings, inability 

to flocculate fine clay particles effectively, and retention of large amounts of water in the sediments 

[11].  

Many investigations have been done to develop polymer flocculants with novel chemistries as 

alternatives to polyacrylamide to address the MFT dewatering issue; however, the major outcomes 

included an increase in settling rate and improvement of supernatant turbidity. But, the flocs 

formed using such flocculants still hold a significant amount of water that cannot be further 

recovered. 
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Hydrophobically-modified polymers are potential candidates to enhance dewatering of MFT and 

obtain compact sediments. Lu et al. synthesized the random copolymers based on N-

isopropylacrylamide (NIPAAm) containing 2-aminoethyl methacrylamide hydrochloride 

(AEMA) and 5-methacrylamido-1,2-benzoboroxole (MAAmBo),  P(AEMA51-st-MAAmBo76-st-

NIPAM381), for the flocculation and dewatering of the fine particle suspensions. They have shown, 

the lower critical solution temperatures (LCSTs) of P(AEMA51-st-MAAmBo76-st-NIPAM381) 

decreases because of the hydrophobic nature of the benzoboroxole moieties, resulting in strong 

hydrophobic interaction at temperatures higher than the LCSTs. They have also shown the polymer 

caused fast settling rate of the particles due to the strong adhesion of benzoboroxole residues to 

the kaolin hydroxyl groups, the electrical double layer force, and the hydrophobic force. The 

viscosity of this flocculant is also low, which makes the mixing of flocculant with suspension more 

efficient and facilitates the adsorption of polymer chains onto clay particles [12]. 

Similarly, activated sludge was flocculated by another hydrophobically modify PADB flocculant 

containing acrylamide (AM) and acryloyloxyethyl trimethyl ammonium chloride (DAC). Results 

showed that the structure of the polymer used in this study had an obvious correlation with 

dewaterability. PADB with porous structure had better dewatering efficiency, which produced 

smaller and likely drier, flocs. The reduction in flocs size improved the compaction of sediments 

and recovery of clear water, at the cost of settling rate of the suspension [13]. 

Other modified PAMs, such as temperature-sensitive poly-N-isopropylacrylamide (PNIPAM), 

have been evaluated because their higher hydrophobicity repels water trapped in the sediments. 

PNIPAM is hydrophilic below its lower critical solution temperature (LCST) of 32 °C, but turns 

hydrophobic above its LCST, enabling PNIPAM to repel water trapped in the sediments [14]. 

PNIPAM was shown to flocculate finer particles, consolidate sediments, and generate supernatants 

with lower turbidity than HPAM [15]. However, heating large volumes of MFT/PNIPAM 

suspensions above the LCST of 32 oC is necessary for optimal performance, making this flocculant 

less attractive from an economic perspective.  

Other investigations have shown that polyacrylamide-graft-poly(propylene oxide) (PAM-g-PPO) 

flocculates and dewaters MFT more effectively than commercial HPAM, likely due to the presence 

of the hydrophobic PPO grafts. PAM-g-PPO is also less shear sensitive and easier to mix with 

MFT because of its lower molecular weight. Despite of these advantages, high dosages (up to 
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10,000 ppm) were needed for optimal performance, which might restrict large scale applications 

[16]. 

Botha et al. [17, 18] synthesized hyperbranched polyethylene containing polar functional groups, 

and used it to treat oil sands tailings. The authors showed that in the presence of cations in the 

process water, the polar functional groups in the hyperbranched functionalized polyethylene 

adsorbed onto the surface of the clay particles, causing them to flocculate. Because of the 

hydrophobic polyethylene core, less water was retained in the sediments. The hyperbranched 

functionalized polyethylene improved flocculation and dewatering performance with respect to a 

commercial HPAM, but was limited by its low molecular weights of only up to 7000 g/mol and 

its insufficient polar group density [17, 18]. Therefore, one is stands as one of the motivation of 

this work is the optimization of this class of flocculants to achieve higher molecular weights and 

higher polar functional groups by grafting polar polymer chains to the polyethylene backbone. 

 

2.3 Functionalization of Polyethylene 

This section reviews the literature on the functionalization of polyethylene by a variety of methods, 

which used as the starting point to make functional polyethylene graft copolymer flocculants to 

treat oil sands tailings. 

 

2.3.1 Functionalization of Polyethylene by Direct Polymerization  

Polyethylene is one of the most useful commodity polymers today because of its versatility and 

wide range of applications. Most commercial polyethylenes are made of only carbon and hydrogen 

atoms, and therefore are highly hydrophobic and incompatible with polar polymers and additives. 

Naturally, they are not soluble or even dispersible in water. Copolymers of ethylene and polar 

comonomers, however, are very interesting materials because they combine the advantages of 

functional comonomers to the versatility and low cost of polyethylene [19].  

Functional polyethylene may be made by the direct copolymerization of ethylene and polar 

monomers. This approach, however, is limited by low catalyst activities and insufficient degrees 

of functionalization, since most ethylene polymerization catalysts are poisoned by polar monomers 
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[19]. Brookhart et al. developed late transition metal catalysts, such as Ni-diimine and Pd-diimine 

catalyts, that are less oxophilic than early transition metal catalysts (Ziegler–Natta and metallocene 

catalysts, traditionally used to make commodity polyethylene resins) and can be used to 

copolymerize ethylene and polar comonomers such as acrylates, ethers, and hydroxyls. Pd-diimine 

catalysts can make polyethylene with branched topologies in a single polymerization step via the 

chain walking polymerization mechanism. In this method, the functionalization of unreactive 

carbon–hydrogen bonds occurs by movement of the catalyst around on the substrate to find 

preferable bond-forming sites [20-22]. A number of studies on the unique properties of 

hyperbranched functional polyethylenes (HBfPE) have been published, and reviews on the 

synthesis and application of these polymers are available [23, 24]. 

 Hyperbranched functional polyethylenes have been used as high performance UV-curable cross 

linkers, inorganic nanofillers, and potential vehicles for drug delivery [23, 24]. Prior to the 

investigation of Botha et al. [17], however, functional polyethylenes had never been used as 

flocculants in any type of application. Botha et al. used a Pd-diimine catalyst to synthesize 

hyperbranched functional polyethylenes (HBfPE) using methyl acrylate as comonomer (Figure 2-

3). Triisobutyl aluminium (TIBAL) was used to protect the polar functionality and reduce catalyst 

poisoning. Copolymers molecular weights up to 7,000 g/mol and methyl acrylate incorporation of 

12 mol % to 50 mol % were obtained. The degree of branching was controlled by changing 

ethylene pressure, and comonomer content was controlled by varying concentration of methyl 

acrylate and TIBAL. The copolymer was hydrolyzed in a post polymerization step to obtain 

anionic functional groups enabling dispersal of the polymer in water, as shown in Equation 2-2 

[17].  



15 
 

 

Figure 2-3: Copolymerization of ethylene with vinyl acrylate comonomer by Pd-diimine catalyst [23]. 

 

(2-2) 

 

The authors used these copolymers to flocculate diluted MFT (20 wt. % solids), obtaining better 

flocculation and dewatering performance with respect to a commercial HPAM, especially for the 

copolymers with higher functional group contents.  The HPfPE produced supernatants with lower 

turbidity, and sediments with lower capillary suction time (CST) than those obtained with the 

reference HPAM. Figure 2-4 shows how varying the dosage of HBfPEs and HPAM affected the 

CST of a 20 wt. % MFT suspension [17]. The HBfPE with 35, 40, and 50 mol % MA obtained 

lower CST for all dosages up to 4000 ppm, compared to HPAM. HBfPE with 35 mol % MA (lower 

functional group content) had the highest CST values in the HBfPE series, but they were still better 

than HPAM for all dosage.  
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Figure 2-4: CST comparison of HBfPE with 35, 40, and 50 mol % and anionic PAM on 20 wt. % MFT after 24 hours 
[17] (dashed line show the CST value for a blank run, when no flocculant was added to the MFT). 

 

Moreover, HBfPE promoted faster settling rates than HPAM with 1,000 ppm dosage, as shown in 

Figure 2-5 [17].  

 

Figure 2-5: Comparison of flocculation performance of HBfPE with different functional contents and HPAM at 
1000 ppm [17]. 
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These results from a new class of flocculants for the treatment of mature fine tailing are promising, 

but HBfPE have much lower molecular weight (< 10,000 g/mol) [17] than other PAM flocculants 

usually used in industry (~ 17 million g/mol) [10]. Therefore, the next optimization step for this 

class of flocculants is to achieve higher molecular weights and higher polar functional groups by 

grafting polar polymer chains to the polyethylene backbone.  

 

2.3.2 Functionalization of Polyolefins by Grafting   

2.3.2.1 Hydroboration 

Functionalized polyolefin copolymers with graft structures can be produced with a high degree of 

functionalization and high molecular weight via hydroboration. A number of studies, reviews, and 

books are available on the synthesis and application of functionalized polyolefin copolymers with 

graft structures [19, 25-27]. The hydroboration of high molecular weight rubbers like 

ethylene/propylene/diene (EPDM) terpolymers may be a convenient alternative to make functional 

polyolefin copolymers with higher molecular weights. This is a two-step process where a high 

molecular weight EPDM (made in a previous polymerization step) containing pendant double 

bonds reacts with borane groups to form reactive intermediates. The borane groups attached to the 

EPDM backbone can be easily oxidized at ambient temperature to form polymeric radicals that 

can further react with other monomers, especially polar vinyl monomers [25]. The decomposition 

of boron peroxides gives an alkoxy radical, which is very reactive, and a borinate radical, which 

is not very active and reversibly bonds to the growing chain end by weak interactions. Then, by 

dissociation from this resting state, the chain can grow further, and it minimizes chain transfer and 

termination reactions. This procedure, however, faces some challenges such as long 

polymerization times, sensitivity of borane to air, and oxygen control difficulties during the 

oxidation step, since excess amounts of oxygen during the oxidation step poisons free-radical 

polymerization and also over-oxidates the boranes to boronates and borates, which are poor free 

radical initiators [19, 27]. Graft copolymerization by controlled free radical polymerization can 

overcome these difficulties. 
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2.3.2.2 Reverse Atom Transfer Radical Polymerization  

In 1995, atom transfer radical polymerization (ATRP) was discovered by Matyjaszeweski’s [28] 

and Sawamoto’s [29] groups independently. The technical literature on this method has been 

growing very fast, and many studies have been done on the synthesis of polymers by ATRP using 

a large variety of monomers [30-34].  ATRP is a controlled radical polymerization (CRP) 

technique that can make polymers with predetermined molecular weights, and narrow molecular 

weight distributions, as chain transfer and termination is suppressed, or at least significantly 

reduced, during ATRP. Figure 2-6 shows the general mechanism of ATRP. This process occurs in 

the presence of an initiator/dormant macromolecular species that has an easily transferable halide 

atom (RX /PnX) and a catalyst. The catalyst (or activator) is a metal in lower oxidation state (Mtn) 

with a suitable ligand (L). Polymerization starts when the halide atom transfers from the initiator 

to the catalyst to form a free radical (Pn
•) and a metal halide at higher oxidation state (X-Mtn+1) 

(deactivator). Fairly soon, an equilibrium is established for this reversible process that is mostly 

shifted towards the side with low radical concentration and, as a result, the likelihood of chain 

termination and transfer taking place are minimized [35]. 

 

 

Figure 2-6: ATRP mechanism. kact: activation rate constant, kdeact: deactivation rate constant, kp: propagation rate 
constant, kt: termination rate constant, PnX: dormant species, Mtn/L: activator, Pn

•: polymer radical, X-Mtn+1/L: 
deactivator, Pn-Pm: dead chain [35]. 

  

ATRP is a powerful technique that can be carried out in a wide range of polymerization 

temperatures, and it is not very sensitive to the presence of oxygen. It can make polymers with 

well-defined compositions such as block copolymers, polymers with controlled molecular 

topology (combs, stars, etc.), and functional polymers [30-33]. In addition, in an ideal ATRP 

Pn-X   +   Mtn/L                                 Pn•  +   X-Mtn+1/L 
Kact 

Kdeact 
Kt 
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Kp 
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process, the initiation step is so fast that all chains are initiated at nearly the same time and grow 

at the same rate; in other words, at any instance of the polymerization (assuming that chain transfer 

and termination events happen at negligible frequencies), we have a population of polymeric 

radicals possessing polydispersity of one. As a consequence, polymer molecular weight changes 

linearly with monomer conversion [33].  

Various di-block, tri-block, and multiblock copolymers have been synthesized by ATRP using the 

macroinitiator method. In this method, the first monomer type (A) is polymerized with an initiator 

having an end carbon halide to make macroinitiators (carbon halide at a polymer chain end). In a 

subsequent step, the macroinitiators are allowed to initiate the polymerization of a second 

monomer type (B) to produce AB block copolymers, which can be also used as macroinitiators to 

initiate the polymerization of a third monomer type to produce tri-block copolymers. Bifunctional 

initiators can also be used to prepare ABA triblock copolymers [30-34].  

Star polymers may also be prepared via ATRP using multifunctional initiators with more than two 

reactive carbon-halogen bonds. The number of arms is defined by the functionality of the initiator, 

and the arm length is determined by the molar ratio of monomer to initiator [31]. 

Graft copolymers are also easily made by ATRP via the two main approaches illustrated in Figure 

2-7: Grafting from makes graft copolymers from macroinitiators with pendant functionalities, and 

grafting through synthesizes graft copolymers by polymerization of macromonomers [30]. 

 

 

Figure 2-7: Synthesis of graft copolymer by ATRP via grafting from and grafting through processes [30]. 

  

+   monomer 

X= initiating site   
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One of the big advantages of ATRP is being tolerant to many monomer functionalities such as 

hydroxyl, amino, esters, since ATRP is a free radical process [31, 32]. This powerful method can 

be used to graft polar polymer chains to polyolefin backbones to broad their applications. A 

number of studies, and reviews on the synthesis and applications of functional polyolefin 

copolymers with graft structures are available [30-32, 36-39]. The synthesis of functional 

polyolefin graft copolymers by ATRP is a two-step process: in the first step, a halide group must 

be attached onto the pololefin backbone, and in the second step grafts are grown from the halide 

groups [40].  

Reverse ATRP, on the other hand, requires only one step to create graft copolymers. Figure 2-8 

illustrates some features of the reverse ATRP mechanism. In this process, a thermal initiator like 

azobisisobutyronitrile (AIBN) is decomposed by heat to generate free radicals. The combination 

of a thermal initiator, a metal halide such as CuCl2 or CuBr2 in their higher oxidation states, and a 

ligand to bind the catalyst initiates the polymerization as the radical initiator reacts with the 

transition metal, forming metal species in lower oxidation states and dormant species. The formed 

transition metal in lower oxidation state promotes the ATRP process [41].  
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Figure 2-8: Reverse ATRP mechanism. I-I: initiator, I•: primary radical, M: monomer, ki: initiation rate constant, kact: 
activation rate constant, kdeact: deactivation rate constant, kp: propagation rate constant, kt: termination rate constant, 
I-PnX: dormant species, Mtn/L: activator, I-Pn

•: polymer radical, X-Mtn+1/L: deactivator, Pn-Pm: dead chain [41]. 

 

Reverse ATRP has been used to synthesize functional polyolefin graft copolymers for different 

applications [42-44]. Grafting polar polymer chains onto polyolefin backbone can improve the 

interaction of the grafted chains with wide range of materials, making them suitable for many 

applications such as drug delivery, biomaterials, and coating. They can also be used as 

compatibilizers for polymer blends [36, 37]. The major advantage of this approach for this thesis 

was its capability of making functional polyolefin graft copolymers with predetermined grafts 

molecular weights and narrow molecular weight distributions, under negligible chain transfer and 

termination reactions. Reverse ATRP was the starting point for us to make series of functional 

polyolefin graft copolymers with distinct graft molecular weights and density as flocculants to 

treat oil sands tailings.   
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 Chapter 3 

 

3 Ethylene/Propylene/Diene Terpolymers 

Grafted with Poly(methyl acrylate) by 

Reverse Atom Transfer Radical 

Polymerization  

 

This chapter describes the synthesis of ethylene-propylene-diene terpolymers (EPDM) grafted 

with poly(methyl acrylate) by reverse atom transfer radical polymerization. The poly(methyl 

acrylate) graft molecular weights and densities were controlled by varying the concentration and 

conversion of methyl acrylate, as well as the concentration of initiator. The grafted copolymers 

were characterized by Fourier-transform infrared spectroscopy, proton nuclear magnetic 

resonance, and gel permeation chromatography. Copolymers with graft molecular weights varying 

from 12 to 179 kDa and grafting densities from 11 to 53% were made following this procedure. 

 

3.1 Introduction 

Polyolefins are one of the most useful commodity polymers today because of their wide range of 

applications, but they are hydrophobic and incompatible with polar compounds. Copolymers of 

ethylene and polar comonomers, however, combine the advantages of functional comonomers with 

the versatility and low cost of polyolefins [1]. Functional polyethylenes may be made by 

coordination polymerization of ethylene and polar monomers, but this method is limited by low 

catalyst activities and insufficient degrees of functionalization [1]. Brookhart et al. developed late 
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transition metal catalysts that were less oxophilic than Ziegler–Natta and metallocene catalysts, 

traditionally used to make commodity polyethylenes. Late transition metal catalysts may be used 

to polymerize ethylene and polar monomers such as acrylates, ethers, and hydroxyls, and also to 

make branched polyethylenes via the chain walking mechanism [2-6].  

 Hyperbranched functional polyethylenes have been used as high performance UV-curable cross 

linkers, inorganic nanofillers, and vehicles for drug delivery [5,6]. Botha et al. [7] were the first to 

use functional polyethylenes as flocculants to treat mineral tailings. They used a Pd-diimine 

catalyst to synthesize hyperbranched functional polyethylenes (HBfPE) with molecular weights 

averages up to 7,000 and methyl acrylate incorporation of 12 mol % to 50 mol % (Figure 3-1) [7].  

 

 
Figure 3-1: Copolymerization of ethylene and methyl acrylate with a Pd-diimine catalyst [7]. 

 

Botha et al. [7] hydrolyzed these copolymers in a post-polymerization step, generating anionic 

functional groups that enabled the polymer to be dispersed in water. The authors showed that these 

copolymers could densify oil sands tailings more effectively than conventional polyacrylamide 

flocculants, especially copolymers with higher fractions of functional groups. Unfortunately, 

HBfPE flocculants had molecular weights that were much lower than polyacrylamide flocculants 

commonly used in the industry for this application (~ 17 million) [8].  
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Several publications are available on the synthesis and applications of graft functionalized 

polyolefins [1, 9-11]. Hydroboration of high molecular weight rubbers, such as 

ethylene/propylene/diene monomer (EPDM) terpolymers, is one of the methods used to make 

functional polyolefins with higher molecular weights [9].  This procedure, however, faces 

challenges such as long polymerization times and sensitivity of boranes to air [1,11]. Graft 

copolymerization by controlled free radical polymerization can overcome these difficulties.  

Atom transfer radical polymerization (ATRP) was independently discovered by Matyjaszeweski’s 

[12] and Sawamoto’s [13] groups in 1995. The literature on ATRP has grown rapidly to include a 

large variety of monomers [14-18]. Atom transfer radical polymerization is a controlled radical 

polymerization method that can make polymers with predetermined molecular weights and narrow 

molecular weight distributions by reducing chain transfer and termination reactions [19]. Many 

graft copolymers have been synthesized by ATRP using grafting from or grafting to approaches 

[14]. 

One of the advantages of ATRP is that it can polymerize monomers with many functionalities such 

as hydroxyl, amino, and esters [15,16]. It can also be used to graft polar polymer chains to 

polyolefin backbones to broaden their applications [14-16, 20-23]. The synthesis of functional 

polyolefin graft copolymers by ATRP is a two-step process: first, a halide group is bonded to the 

polyolefin backbone, then grafts are grown from the halide groups [24]. Reverse ATRP, on the 

other hand, needs only one step to make graft copolymers (Figure 3-2). First, a thermal initiator, 

such as azobisisobutyronitrile (AIBN), is decomposed to generate primary free radicals (I•). Then, 

the primary radicals either react with the transition metal complex in higher oxidation state 

(XMtn+1/L) to make  dormant species (I-X) and transition metal complexes in lower oxidation state 

(XMtn/L), or react with monomer molecules to form polymer radicals (I-P1
•), which are rapidly 

deactivated by reaction with XMtn+1/L, forming XMtn/L and dormant species I-P1-X. 

Subsequently, the dormant I-Pn-X species are activated by reactions with XMtn/L and the 

polymerization proceeds as in normal ATRP [25]. Haloi et al. showed how reverse ATRP could 

be used to graft poly(meth)acrylate onto EPDM backbones to enhance the properties of EPDM 

[26]. The synthesis method we used herein shares similarities with this previous publication. 
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Figure 3-2: Reverse ATRP mechanism. I-I: initiator, I•: primary radical, M: monomer, ki: initiation rate constant, kact: 
activation rate constant, kdeact: deactivation rate constant, kp: propagation rate constant, kt: termination rate constant, 
I-PnX: dormant species, Mtn/L: activator, I-Pn

•: polymer radical, X-Mtn+1/L: deactivator, Pn-Pm: dead chain [25]. 

 

In the present investigation, poly(methyl acrylate) (PMA) side chains of different molecular 

weights were grafted onto EPDM backbones via reverse ATRP to make functional polyolefin graft 

copolymers with high molecular weights and high fractions of functional groups. Even though 

similar graft copolymers have been made before, this is the first time that the synthesis of grafts 

of PMA were added to EPDM backbones by reverse ATRP. The detailed characterization methods, 

particularly regarding the systematic variation of graft length and density – and related calculations 

– are also new. Moreover, the applications of these polymers as flocculants to treat oil sands 

tailings, as discussed in our companion article [27], opens new doors for the application of these 

new materials. These materials provide an alternative to the promising flocculants made by Botha 

 

I-Pn-X   +   Mtn/L                                   I- Pn•  +   XMtn+1/L 

kact 

kdeact 
kt 

Pn-Pm 

kp 

 

monomer 

 I – I           2I• 

I• +  X Mtn+1/L                         I- X  +   Mtn/L 

I-P1•
  +  X Mtn+1/L                          I-P1- X  +   Mtn/L 

ki      +M      

Initiation: 

Propagation: 



30 
 

et al. [7], but eliminate the limitation of low molecular weights faced by the direct synthesis of 

hyperbranched functional polyethylenes.  

 

3.2 Experimental 

3.2.1 Materials 

Ethylene–propylene–diene (EPDM) elastomers NORDEL IP 4520 (4.9 wt % ethylidene-

norbornene, 50 wt % ethylene, 45.1 wt % propylene, Mooney viscosity at 125 oC ML1+4 = 20) and 

NORDEL IP 4570 (4.9 wt % ethylidene-norbornene, 50 wt % ethylene, 45.1 wt % propylene, 

Mooney viscosity at 125 oC ML1+4 = 70) were donated by the Dow Chemical Company. 

Azobisisobutyronitrile (AIBN) (98 %), copper(II) bromide (CuBr2) (99 %), N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA) (99 %), and methyl  acrylate (MA) (99 %) were 

purchased from Sigma-Aldrich and used without further purification. Toluene (99.8 %) from 

Sigma-Aldrich was used as a solvent in all syntheses. Hexane, acetone, and tetrahydrofuran (THF) 

were used to extract the grafted polymer from the homopolymer and unreacted reagents. 

 

3.2.2 Synthesis of EPDM-g-PMA 

Poly(methyl acrylate) was grafted from EPDM chains by reverse ATRP. The molecular weight 

and density of the grafts were controlled by varying the concentration and conversion of methyl 

acrylate, and the concentration of initiator. Two EPDM samples having the same chemical 

composition but different average molecular weights (Mb = 210 000 and 115 000) were used as 

backbones.   

In a typical polymerization, AIBN (initiator), CuBr2 (catalyst), and N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA, ligand) were dissolved in 2 mL of acetone. Then, 1.0 

g of EPDM, dissolved in 20 mL of toluene, was mixed with the previous solution. The flask 

containing the mixture was stirred and purged with N2 for 20 min before being immersed into an 

oil bath at 90 °C. After stirring the solution for 20 min, methyl acrylate (purged with N2 for 20 

min) was added using a syringe and a transfer needle to make EPDM-g-PMA. The polymerization 

continued from 8 to 48 hours. The polymer was precipitated in methanol, washed with additional 

https://www.sigmaaldrich.com/catalog/substance/copperiibromide22335778945911


31 
 

methanol, and dried at 60 °C for 24 hours. Hexane was used to extract ungrafted EPDM chains 

from the product, and acetone to extract ungrafted PMA, both by stirring the mixture for 24 h. The 

remaining fraction was recovered as the desired EPDM-g-PMA product. These three fractions 

were dried at 60 °C for 24 hours.  

 

3.2.3 Purification of EPDM-g-PMA 

Reverse ATRP needs a high catalyst-to-radical initiator ratio [28]. The catalyst is only partially 

soluble in most polymerization solvents [29] and since it is toxic, it must be removed from the 

product. Purification methods, such as flowing the polymer solution through silica gel or alumina 

columns or liquid-liquid extraction have been used to remove catalyst residues from the polymer 

product [30,31].  

We used liquid-liquid extraction to extract CuBr2 from EPDM-g-PMA. In a typical extraction, the 

graft copolymer was first dissolved in dichloromethane, which is immiscible with water. 

Deionized water was then added to the organic phase, creating two liquid phases (water on top of 

dichloromethane). The catalyst, CuBr2, diffused from the organic to the water phase, and was 

removed using a syringe. Purified EPDM-g-PMA was collected from the organic phase by 

precipitating it in isobutanol.  

 

3.2.4 Characterization of EPDM-g-PMA 

Three fractions—EPDM, PMA, and EPDM-g-PMA—were recovered and weighed for each 

polymerization. Mass balances were used to calculate methyl acrylate conversion, graft molecular 

weights and densities, and EPDM-g-PMA molecular weight. EPDM-g-PMA graft densities were 

also measured by 1H NMR, and EPDM-g-PMA molecular weights by gel permeation 

chromatography (GPC). These measurements are compared with the mass balance estimates in the 

Results and Discussion section. 

The molecular weight distributions (MWD) of the products were measured by GPC at 40 oC using 

THF as eluent, with a flow rate of 0.5 mL·min-1. The GPC 270Max dual detector (viscometer plus 

light scattering) was calibrated using a multidetector calibration method based on refractive index, 

low angle light scattering, and right angle light scattering data. It is notoriously difficult to 
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determine the absolute MWDs of non-linear polymers, and the EPDM-g-PMA samples made 

herein are no exception. This should be kept in mind when analysing the values of the molecular 

weight averages reported in this chapter. More importantly, however, is the comparison of the 

relative changes in molecular weight as a function of polymerization conditions, which allows us 

to design copolymers with different graft densities and molecular weights. For this purpose, GPC 

is a reliable guide. 

The EPDM-g-PMA samples were characterized by Fourier transform-infrared spectroscopy 

(FTIR) using an Agilent Technologies, Cary 600 series FTIR spectrometer. The spectra were 

recorded from 400 to 4000 cm-1 after 64 scans. 

The graft copolymers were also characterized by 1H NMR in CDCl3 using a u5 VNMRS 500 MHz 

spectrometer. The (-OCH3) proton in the methyl acrylate, the unsaturated proton in the norbornene 

unit, and the proton in the methyl acrylate of the terminal group (CHBrCOOCH3) of EPDM-g-

PMAs were identified using their resonances at 3.6, 5.2, and 3.75 ppm, respectively. The amount 

of MA incorporated into the EPDM-g-PMAs was estimated from the integrated area under the 

appropriate peak intensities. 

 

3.3 Results and Discussion  

3.3.1 Polymer Synthesis 

Figure 3-3 shows how the PMA grafts are envisioned to grow from the EPDM backbones by 

reverse ATRP. The thermal initiator (AIBN) is decomposed at 90 °C to generate primary free 

radicals. The EPDM pendant double bonds react with the primary initiators to form macroinitiators 

(I-P•). The graft polymerization starts when macroinitiators or the propagating radicals (I-P• or I-

P-P´1
•) abstract halogen atoms (Br) from the metal halide (CuBr2) to form metal species in lower 

oxidation states and dormant macromolecular species (I-P-Br and I-P-P´1-Br). The formed 

transition metal in lower oxidation state then promote the ATRP process. 
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Table 3-1 lists the synthesis conditions for all EPDM-g-PMA samples and some of their average 

properties.  

 

Table 3-1: Polymerization conditions for EPDM-g-PMA synthesis and their properties. 

Polymera [MA]0  [AIBN]0
b AIBN/EPDM Time Graft molecular 

weights  
Graft 

density  
EPDM-g-PMA 

 mol/L mol/L mol% h Mg (kDa) ρg (%) Mw (kDa) 

EPDM-g-PMA-210-12-11 5.0 0.00526 0.00785 8 12 11 321 

EPDM-g-PMA-210-24-11 5.0 0.00526 0.00785 12 24 11 432 

EPDM-g-PMA-210-49-14 7.6 0.00300 0.00785 24 49 14 795 

EPDM-g-PMA-210-93-11 7.6 0.00300 0.00785 48 93 11 1082 

EPDM-g-PMA-210-147-16 9.6 0.00121 0.00785 24 147 16 2217 

EPDM-g-PMA-210-178-16 9.6 0.00121 0.00785 48 178 16 2640 

EPDM-g-PMA-210-34-28 5.0 0.00450 0.00662 24 34 28 1022 

EPDM-g-PMA-210-94-29 7.6 0.00253 0.00662 24 94 29 2537 

EPDM-g-PMA-210-101-32 7.6 0.00253 0.00662 48 101 32 2969 

EPDM-g-PMA-210-175-28 9.6 0.00105 0.00662 24 175 28 4393 

EPDM-g-PMA-210-48-37 5.0 0.00360 0.00540 48 48 37 1725 

EPDM-g-PMA-210-150-37 9.6 0.00086 0.00540 24 150 37 4949 

EPDM-g-PMA-210-96-53 7.6 0.00170 0.00445 48 96 53 4554 

EPDM-g-PMA-210-178-53 9.6 0.00070 0.00445 48 178 53 8256 

EPDM-g-PMA-115-95-15 7.6 0.00300 0.00785 48 95 15 750 

EPDM-g-PMA-115-143-14 9.6 0.00121 0.00785 24 143 14 1010 

EPDM-g-PMA-115-179-13 9.6 0.00121 0.00785 48 179 13 1156 
a EPDM-g-PMA-Mb-Mg-ρg: Mb = average molecular weight of the backbone (kDa), Mg = average molecular 
weight of the PMA grafts (kDa), ρg = percentual graft density. 
b Initial [AIBN]0/[CuBr2]0/[PMDETA]0 ratio = 1/1.5/3. 

 

Assuming that the concentration of polymer radicals is constant [32,33],  

ln
[𝑀]0

[𝑀]
= 𝑘𝑝 [𝑃•]𝑡 = 𝑘𝑝

𝑎𝑝𝑝
𝑡 

(3-1) 

where kp
app is the apparent propagation rate constant. 

 In the ideal case of ATRP without termination reactions and constant [P•], a plot of ln([M]0/[M]) 

versus time will give a straight line with slope equal to kp
app . 
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Three series of EPDM-g-PMA samples were made using different concentrations of methyl 

acrylate (5.0 to 9.6 M) and polymerization times varying from 8 to 48 h. The EPDM average 

molecular weight was kept the same (Mb = 210 kDa) in all polymerizations. These polymers were 

made to find out how the concentration of MA varied as a function of polymerization time and to 

verify whether Equation (3-1) applied to our polymerization system. We calculated these 

concentrations through a mass balance using the three fractions separated according to Figure 3-

4. Hexane was used to extract the ungrafted EPDM, and acetone to extract the ungrafted PMA 

from the product. The remaining fraction was the desired EPDM-g-PMA product.  

 

 
Figure 3-4: Product purification process steps. 

 

Table 3-2 lists the mass of three fractions—ungrafted EPDM, ungrafted PMA, and EPDM-g-

PMA—for each polymerization run. 

 

 

Product 

un-grafted EPDM 

un-grafted PMA EPDM-g-PMA 

un-grafted PMA 

EPDM-g-PMA 

Soluble Insoluble 

Hexane 

Acetone

Insoluble Soluble 
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Table 3-2: Masses of different fractions of the EPDM-g-PMA samples. 

Polymer ungrafted 
EPDM  

ungrafted 
PMA  

EPDM-g-PMA  

 g g g 

EPDM-g-PMA-210-12-11 0.28 4.77 0.92 

EPDM-g-PMA-210-24-11 0.25 9.04 1.10 

EPDM-g-PMA-210-28-13 0.32 10.32 1.18 

EPDM-g-PMA-210-32-11 0.30 11.73 1.19 

EPDM-g-PMA-210-40-14 0.43 13.10 3.00 

EPDM-g-PMA-210-12-13 0.21 4.2 1.45 

EPDM-g-PMA-210-23-15 0.236 7.62 2.24 

EPDM-g-PMA-210-36-14 0.28 12.03 2.96 

EPDM-g-PMA-210-49-14 0.19 16.25 3.63 

EPDM-g-PMA-210-93-11 0.21 31.75 5.13 

EPDM-g-PMA-210-42-15 0.31 13.79 3.45 

EPDM-g-PMA-210-70-15 0.17 22.81 5.27 

EPDM-g-PMA-210-91-15 0.21 29.8 6.48 

EPDM-g-PMA-210-147-16 0.11 47.31 10.87 

EPDM-g-PMA-210-178-16 0.11 56.88 13.06 

*Initial [AIBN]0/[CuBr2]0/[PMDETA]0 ratio = 1/1.5/3. 

 

The mass of EPDM that reacted with methyl acrylate was calculated with the expression, 

𝑚𝐸𝑃𝐷𝑀𝑟
= 𝑚𝐸𝑃𝐷𝑀0

− 𝑚𝐸𝑃𝐷𝑀  (3-2) 

where 𝑚𝐸𝑃𝐷𝑀0
 is the mass of EPDM added to the reactor at the beginning of the polymerization 

and 𝑚𝐸𝑃𝐷𝑀  is the mass of ungrafted EPDM, extracted as the hexene-soluble fraction (Figure 3-4). 

The mass of methyl acrylate grafted onto EPDM backbones, 𝑚𝑀𝐴𝑔
, was calculated as, 

𝑚𝑀𝐴𝑔
= 𝑚𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴 − 𝑚𝐸𝑃𝐷𝑀𝑟

 (3-3) 

where 𝑚𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴 is the mass of grafted EPDM, recovered as the acetone-insoluble fraction 

(Figure 3-4). 

The mass of reacted methyl acrylate is given by the sum, 

𝑚𝑀𝐴𝑟
= 𝑚𝑃𝑀𝐴 + 𝑚𝑀𝐴𝑔

 (3-4) 
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where 𝑚𝑃𝑀𝐴 is the mass of ungrafted PMA, recovered in the acetone-soluble fraction (Figure 3-

4).  

The mass of unreacted methyl acrylate was calculated by subtracting the mass of reacted methyl 

acrylate from the mass of methyl acrylate added to the reactor at the beginning of the 

polymerization, 

𝑚𝑀𝐴 = 𝑚𝑀𝐴0
− 𝑚𝑀𝐴𝑟

 (3-5) 

Finally, the concentration of unreacted methyl acrylate at the end of each polymerization was 

calculated with the expression, 

[𝑀𝐴] =
𝑚𝑀𝐴/𝑀𝑀𝐴

𝑉
 

(3-6) 

where MMA is the molar mass of methyl acrylate, and V is the reaction volume. 

Combining all expressions in a single mass balance equation, we get, 

[𝑀𝐴] =
𝑚𝑀𝐴0

+ 𝑚𝐸𝑃𝐷𝑀0
− (𝑚𝑃𝑀𝐴 + 𝑚𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴 + 𝑚𝐸𝑃𝐷𝑀)

𝑉𝑀𝑀𝐴
 

(3-7) 

Figure 3-5 shows how ln([MA]0/[MA]) varied as a function of time with different initial methyl 

acrylate concentrations. For each series, the plot of ln([MA]0/[MA]) versus time was linear. This 

implies that the concentration of polymer radicals was nearly constant during the polymerizations, 

and confirms that the graft polymerizations followed the desired ATRP mechanism. 
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Figure 3-5: ln([MA]0/[MA]) versus polymerization time. Polymerization conditions: T = 90 °C, initial 
[AIBN]0/[CuBr2]0/[PMDETA]0 ratio = 1/1.5/3. a) [MA]0 = 5.0 M, and [AIBN]0 = 0.00526 M, b) [MA]0 = 7.6 M, and 
[AIBN]0 = 0.0030, and c) [MA]0 = 9.6 M, and [AIBN]0 = 0.00121.    

 

3.3.2 Composition Characterization of EPDM-g-PMA 

Figure 3-6 compares the FTIR spectra of EPDM, PMA, and EPDM-g-PMA-210-178-16 (a graft 

polymer made of  EPDM with Mb = 210 000, graft molecular weight of 178 000, and graft density 

of 16 %). In the spectrum of the ungrafted EPDM, the 757 cm-1 band is assigned to methylene 

groups –(CH2–CH2)– in the backbone. The 1376 and 1448 cm-1 bands are –C–H methyl (–CH3) 

and methylene (–CH2–) bending frequencies, respectively. Symmetric and asymmetric stretching 

vibration of the methylene group at 2850 cm-1 and 2919 cm-1 were also observed [34]. 
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In the FTIR spectra of PMA, the band at 1730 cm-1 is assigned to the characteristic carbonyl 

stretching frequency (C=O). The bands at 2952 cm-1 and 2998 cm-1 are assigned to symmetric and 

asymmetric stretching of –C–H bending of methyl (CH3O) groups, which are attached to an 

oxygen atom. Also, ten additional vibrations were observed from1650 to 750 cm-1, which are 

allocated to PMA. More details regarding these vibrations are described by J. K. Haken and R. L. 

Werner [35].  

In the EPDM-g-PMA sample, the bands at 2850 cm-1, 2919 cm-1 are allocated to the symmetric 

and asymmetric stretching vibration of the methylene group, respectively, that is not connected to 

the inverted ester group. These bands are assigned to the EPDM part of the grafted copolymer. In 

addition, the band identified at 1729 cm-1 is assigned to the carbonyl stretching frequency; the 

band at 2952 cm-1 was also observed, which is assigned to symmetric stretching of –C–H bending 

of CH3O groups. These bands are assigned to the PMA part of the grafted copolymer. Having these 

bands together in the FTIR spectra of purified EPDM-g-PMA confirmed the successful grafting 

of PMA chains onto EPDM backbones. 

 
Figure 3-6: FTIR spectra of EPDM, PMA and EPDM-g-PMA. 
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1H NMR spectra were used to characterize the chemical composition of the EPDM and purified 

EPDM-g-PMAs with different graft molecular weights and densities. The 1H NMR spectra of 

EPDM and EPDM-g-PMAs with different graft molecular weights and densities are compared in 

Figure 3-7. The resonances of the methyl (–CH3), methylene (–CH2–), methine (>CH–), and 

unsaturated (=CH–) protons of the EPDM were identified [36]. In addition, the resonances at 1.5, 

1.7, 1.9, 2.3 and 3.6 ppm belong to PMA protons (repeating unit CH2–CH–COOCH3) that are part 

of the EPDM-g-PMA. The resonance of the terminal group CHBr–COOCH3 is also presented at 

3.75 ppm [37]. 

Figure 3-7 also shows that the intensity of peaks associated with methyl acrylate units (represented 

by the resonances at 1.5, 1.7, 1.9, 2.3, and 3.6 ppm) increase as the methyl acrylate content in the 

polymer increases. The fractions of methyl acrylate in EPDM-g-PMAs were calculated from the 
1H NMR spectra using the intensity of the (–OCH3) resonance at 3.6 ppm [38]. Increasing the 

concentration and conversion of methyl acrylate, increased the incorporation of methyl acrylate in 

the graft copolymer up to 174 mol %.  
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Figure 3-7: 1H NMR spectra of EPDM and EPDM-g-PMA with different graft molecular weights and densities. 
Polymers are labeled as EPDM-g-PMA-Mb-Mg-ρg-MMA where Mb is the average molecular weight of the backbone in 
kDa, Mg is the average molecular weight of the PMA grafts in kDa, ρg is the percentual graft density, and MMA is mol% 
of MA incorporated in the grafted copolymer. The asterix (*) indicates residual solvent signals for methanol, acetone, 
hexane, toluene, and isobutanol. 

 

Figure 3-8 is the close-up view of the 1H NMR spectra of the (=CH–) resonance at 5.2 ppm, and 

the terminal group (CHBr–COOCH3) resonance at 3.75 ppm for EPDM and EPDM-g-PMAs with 

different graft molecular weights and densities. The intensities of peaks related to diene groups 

decrease (Figure 3-8a) and the intensity associated with MA groups increase (Figure 3-8b) as the 

graft densities of the copolymer increase. The graft densities of the EPDM-g-PMA samples were 

measured as the ratio of the intensity of the peak for CHBr-COOCH3 (3.75 ppm) to the intensity 

of the (=CH–) protons of EPDM (5.2 ppm).  Decreasing the ratio of initiator to EPDM backbone 

increased the graft densities of the graft copolymer up to 53 % (Table 3-1). 
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Figure 3-8: Close-up view of 1H NMR spectrum of the EPDM and EPDM-g-PMAs with different graft molecular 
weights and densities: a) resonance of the unsaturated (=CH–) protons, and b) resonance of the terminal group (CHBr-
COOCH3) protons. 

 

The EPDM-g-PMA graft densities were also estimated by mass balance using the equation, 

𝜌𝑔(%) =
𝑛𝑔

𝑛𝑑
× 100 (3-8) 

 

A 

B 
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where 𝑛𝑔 is the number of moles of PMA grafts and 𝑛𝑑 is the number of moles of diene molecules 

(pendant double bonds) in the EPDM backbones.  

The number of moles of diene molecules in the EPDM backbones is given by, 

𝑛𝑑 =
𝑤𝐸𝑁𝐵

𝑀𝐸𝑁𝐵
 (3-9) 

where, 𝑤𝐸𝑁𝐵  is the mass fraction of ethylidene norbornene in the EPDM backbone and 𝑀𝐸𝑁𝐵  is 

the molar mass of ethylidene norbornene. 

The number of moles of grafted PMA chains is given by dividing the number of moles of MA 

molecules grafted onto EPDM by the degree of polymerization of the grafts, 

𝑛𝑔 =
𝑛𝑀𝐴

𝐷𝑃𝑛
 (3-10) 

The number of moles of MA molecules grafted onto EPDM is given by,  

𝑛𝑀𝐴 =
𝑚𝑀𝐴𝑔

𝑀𝑀𝐴
 (3-11) 

Assuming that the initiation step is fast, that all chains start growing at the same time, and that they 

keep growing at the same rate, the degree of polymerization of the grafts is given by,  

𝐷𝑃𝑛 =
[𝑀𝐴]0

[𝐼]0
𝑥 

(3-12) 

where, [I]0 is the initial concentration of initiator and x is the conversion of MA,  

𝑥 =
𝑚𝑀𝐴𝑟

𝑚𝑀𝐴0

 (3-13) 

All these equations can be combined in a single expression to calculate the graft density percentage 

of EPDM-g-PMA, 

𝜌𝑔(%) =
𝑚𝑀𝐴0

𝑤𝐸𝑁𝐵 

𝑚𝑀𝐴𝑔

𝑚𝑀𝐴𝑟

[𝐼]0

[𝑀𝐴]0

𝑀𝐸𝑁𝐵

𝑀𝑀𝐴
× 100 

(3-14) 

Figure 3-9 shows that the graft density of EPDM-g-PMAs obtained with mass balance calculations 

agree with the values measured by 1H NMR, with the coefficient of determination of 0.95, 

confirming that the produced EPDM-g-PMAs are graft copolymers and not mixtures of the EPDM 

and PMA. As the results obtained with the two methods agree, the graft densities listed in Table 

3-1 were calculated using Equation (3-14).  
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Figure 3-9: Measured ρg  (%) by 1H NMR versus estimated ρg  (%) calculated by mass balance. 

 

3.3.3 Molecular Weight Characterization of EPDM-g-PMA 

The number and weight average molecular weights, Mn and Mw, of the EPDM-g-PMA samples 

were measured by GPC to verify the formation of EPDM-g-PMAs (Table 3-1). Due to the 

limitations of our GPC columns, measurements, samples with Mw > 2500 kDa could not be 

analyzed. Mass balances were also used to calculate Mn and Mw the EPDM-g-PMA samples, and 

the measured and estimated values were compared. 

To estimate the Mn of the EPDM-g-PMA samples, we first need to calculate the average number 

of moles of diene in an EPDM sample of number average molecular weight 𝑀𝑛
𝐸𝑃𝐷𝑀 , 

𝑛𝑑 =
𝑀𝑛

𝐸𝑃𝐷𝑀 × 𝑤𝐸𝑁𝐵  

𝑀𝐸𝑁𝐵
 

(3-15) 

The number of grafted PMA chains in the whole polymer is, therefore, 

𝑛𝑔 = 𝑛𝑑 × 𝜌𝑔 =
𝑀𝑛

𝐸𝑃𝐷𝑀 × 𝑤𝐸𝑁𝐵

𝑀𝐸𝑁𝐵
× 𝜌𝑔 

(3-16) 

Consequently, the number average molecular weight of the grafted polymer is, 

𝑀𝑛
𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴

= 𝑀𝑛
𝐸𝑃𝐷𝑀 + 𝑛𝑔 × 𝑀𝑔 (3-17) 

Combining all equations above, we get, 
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𝑀𝑛
𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴

= 𝑀𝑛
𝐸𝑃𝐷𝑀 +

𝑀𝑛
𝐸𝑃𝐷𝑀 × 𝑤𝐸𝑁𝐵  

𝑀𝐸𝑁𝐵
× 𝜌𝑔 × 𝑀𝑔 

(3-18) 

 

A more elaborate calculation is needed to estimate the Mw of the EPDM-g-PMA samples. In this 

case, the molecular weight distribution information for the EPDM backbone were used as the 

starting point (Figure 3-10).   

 
Figure 3-10: EPDM (Mb = 210 kDa) molecular weight distribution. 

 

Figure 3-10 shows the molecular weight distribution of the EPDM sample with Mb = 210 kDa, as 

measured by GPC, discretized in bins of different molecular weights. The weight fraction of 

polymer in each bin, 𝑤𝑖, is calculated with the trapezoidal rule, 

𝑤𝑖 =
(d𝑤 d𝑙𝑜𝑔𝑀⁄ )𝑖 + (d𝑤 d𝑙𝑜𝑔𝑀⁄ )𝑖+1

2
× (log 𝑀𝑖+1 − log 𝑀𝑖) 

(3-19) 

The average number of moles of diene in EPDM chains of average molecular weight Mi is, 

𝑛𝑑𝑖 =
𝑀𝑖 × 𝑤𝐸𝑁𝐵  

𝑀𝐸𝑁𝐵
 (3-20) 

The number of grafted chains, ngi, in an EPDM of average molecular weight of  𝑀𝑖 is, 
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𝑛𝑔𝑖 = 𝑛𝑑𝑖 × 𝜌𝑔 =
𝑀𝑖 × 𝑤𝐸𝑁𝐵  

𝑀𝐸𝑁𝐵
× 𝜌𝑔  (3-21) 

The average molecular weight of the grafted polymer is given by, 

𝑀𝑖
𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴

= 𝑀𝑖 + 𝑛𝑔𝑖 × 𝑀𝑔 = 𝑀𝑖 +
𝑀𝑖 × 𝑤𝐸𝑁𝐵  

𝑀𝐸𝑁𝐵
× 𝜌𝑔 × 𝑀𝑔 (3-22) 

where the molecular weight of the PMA grafts, Mg, were calculated using the ATRP equation, 

𝐷𝑃𝑛 =
𝑀𝑔

𝑀𝑀𝐴
=

[𝑀𝐴]0

[𝐼]0
𝑥 

(3-23) 

Consequently, the weight average molecular weight of EPDM-g-PMAs, 𝑀𝑤
𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴, is,  

𝑀𝑤
𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴

=
∑ (𝑀𝑖 +

𝑀𝑖 × 𝑤𝐸𝑁𝐵  
𝑀𝐸𝑁𝐵

× 𝜌𝑔 × 𝑀𝑔)2𝑛
𝑖=1 𝑁𝑖

∑ (𝑀𝑖 +
𝑀𝑖 × 𝑤𝐸𝑁𝐵  

𝑀𝐸𝑁𝐵
× 𝜌𝑔 × 𝑀𝑔)𝑁𝑖

𝑛
𝑖=1

 
(3-24) 

where 𝑁𝑖 is the number of moles of chain with molecular weight 𝑀𝑖
𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴, which is related 

to its weight fraction by the expression,  

𝑤𝑖 =
𝑁𝑖 𝑀𝑖  

∑ 𝑁𝑖𝑀𝑖
𝑛
𝑖=1

 (3-25) 

Finally, the weight average molecular weight of EPDM-g-PMAs can be calculated with the 

expression, 

𝑀𝑤
𝐸𝑃𝐷𝑀−𝑔−𝑃𝑀𝐴

=
∑ (𝑀𝑖 +

𝑀𝑖 × 𝑤𝐸𝑁𝐵  
𝑀𝐸𝑁𝐵

× 𝜌𝑔 × 𝑀𝑔)2𝑛
𝑖=1

𝑤𝑖

𝑀𝑖

∑ (𝑀𝑖 +
𝑀𝑖 × 𝑤𝐸𝑁𝐵  

𝑀𝐸𝑁𝐵
× 𝜌𝑔 × 𝑀𝑔)

𝑤𝑖

𝑀𝑖

𝑛
𝑖=1

 

 

(3-26) 

Figure 3-11 compares the Mn and Mw of EPDM-g-PMAs estimated with Equation 3-18 and 3-26, 

respectively, with the values measured by GPC. The averages obtained with these two methods 

agree reasonably well, with the coefficient of determination of 0.93 and 0.95 respectively, 

considering the complexity of the GPC measurements and the polymerization process itself. This 

indicates that the grafting process follow the desired ATRP kinetics in this investigation. Since the 

results obtained with the two methods agree relatively well, the Mw values listed in Table 3-1 were 

calculated using Equation 3-26. 



3.4 Conclusions  
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concentration (5.0 to 9.6 M) and polymerization time (8 to 48h). EPDM-g-PMAs with a wide 

range of graft molecular weights (Mg = 12 to 179 kDa) were synthesized using this approach. The 

graft density was controlled by varying the ratio of initiator to EPDM backbone (0.00785 to 

0.00445 mol %), permitting the production of EPDM-g-PMAs with graft densities varying from 

11 to 53 %.  

Graft densities and molecular weights of the EPDM-g-PMA samples were estimated theoretically 

using ATRP kinetics and also measured by 1H NMR, and GPC. Measurements and estimates for 

these properties agreed well, confirming that the EPDM-g-PMA samples were synthesised 

successfully with controllable graft lengths and densities.  

Controlling the microstructure of EPDM-g-PMA is essential to tailor its performance as a 

flocculant and dewatering agent for oil sands tailings, and supposedly other mineral tailings. In 

next chapter, we showed that EPDM-g-PMA (after hydrolysis) reached its best performance when 

the PMA grafts were long, but the grafting density was low. The synthesis method described in 

this chapter teaches how to control the microstructure of these graft copolymers and, therefore, 

how to regulate their flocculation and dewatering performances. 
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Chapter 4 
 

4 Flocculation and Dewatering of Oil 

Sands Tailings with a Novel 

Functionalized Polyolefin Flocculant  

 

This work investigates the impact of the molecular weight and grafting density of hydrolyzed 

poly(methyl acrylate) grafted onto ethylene-propylene-diene copolymer backbones (EPDM-g-

HPMA) on the flocculation and dewatering of oil sands mature fine tailings through a central 

composite experimental design by measuring initial settling rate, capillary suction time, 

supernatant turbidity, and sediment solids content. Flocculants with high molecular weight grafts 

and low grafting densities reduced the initial settling rates, decreased supernatant turbidities, and 

increased the solids content of the flocculated sediments. The capillary suction time, however, 

depended mostly on the charge density and on the hydrophobicity of the grafted copolymer. The 

effect of the EPDM backbone molecular weight was also investigated. Shorter backbones resulted 

in flocculants that dispersed more easily in water and settled the sediments faster. In addition, they 

decreased the supernatant turbidity and increased the solids content in the sediments. EPDM-g-

HPMA flocculants with graft molecular weight of 179 kDa and grafting density of 13 % are 

outstanding filtration aids, helping generate sediments with 43 % solids content and outperforming 

a reference commercial polyacrylamide flocculant. 

 

4.1 Introduction 

Natural bitumen deposits are found in many countries, including Canada, Venezuela, the United 

States, and Russia. Alberta ranks third in proven global crude oil reserves (166 billion barrels), 
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after Saudi Arabia and Venezuela [1]. Bitumen is most commonly extracted from oil sands using 

the Clark hot water extraction process. In this process, the oil sands ores are first mined, then 

crushed, and finally mixed with warm water and caustic at 75-80 °C to make a slurry that is 

transferred to a primary separation vessel to liberate and aerate bitumen aggregates. The bitumen 

froth, recovered in the primary separation vessel, is transferred to the froth treatment stage to 

recover more bitumen. The slurry residues, called tailings, are transported to tailing ponds for 

solid-liquid separation [2].  

Oil sands tailings are aqueous suspensions of coarse sands (particles greater than 44 µm), fine 

solids and clays (particles less than 44 µm), and 1 to 5 wt. % residual bitumen, with pH varying 

from 8 to 9 [3]. In the pond, the coarse particles settle fast, but the fine solids remain in suspension. 

After three to five years, the concentration of the suspended fine solids reaches 30 to 40 wt. %, 

which is known as mature fine tailings (MFT). It may take centuries to consolidate untreated MFT 

[4]. Tailings ponds and their operating structures covered about 257 km2 of Alberta’s oil sands 

region in 2016 [5]. Unfortunately, only a small fraction of this large area has been reclaimed 

because there is no effective way to separate the suspended solids from the water in tailing ponds. 

Different chemical and mechanical methods have been developed to treat oil sands tailings: 

consolidated tailings, paste technology, filtration, thin lift dewatering, centrifugation, rim ditching, 

and wet landscape reclamation. Unfortunately, none of these methods can dewater tailings above 

the 75 wt. % solids required for land reclamation [4, 6]. 

Paste technology uses polymer flocculants to treat different types of mining wastes. For oil sands 

tailings, it is often combined with other treatments such as coagulation and centrifugation. Most 

studies have used commercial polyacrylamide (PAM) or partially hydrolyzed anionic 

polyacrylamide (HPAM) [7]. Despite their fast settling and initial water release rates, both 

flocculants are shear sensitive, disperse poorly in tailings, cannot flocculate fine clay particles 

effectively, and retain large amounts of water in the sediments  [8].  

Some investigators have developed inorganic-organic hybrid PAM flocculants such as Al-PAM 

[9, 10] and Fe-PAM [11]. Although Al-PAM flocculated fines more effectively than HPAM [12], 

health and biocompatibility concerns hinder their industrial implementation [13]. Another 

modified acrylamide-based flocculant, the temperature-sensitive poly- N-isopropylacrylamide 

(PNIPAM), has also been evaluated because it becomes hydrophobic above its lower critical 
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solution temperature (LCST) of 32 °C, repelling the water trapped in the sediments [14]. PNIPAM 

flocculates finer particles, consolidates sediments, and generates supernatants with lower 

turbidities than HPAM [15]. However, heating large volumes of MFT/PNIPAM suspensions 

above 32 oC is necessary for optimal performance, making this flocculant less attractive from an 

economic perspective.  

Other researchers have shown that polyacrylamide-graft-poly(propylene oxide) (PAM-g-PPO) 

flocculates and dewaters MFT more effectively than commercial HPAM, likely because of the 

hydrophobic PPO grafts. This flocculant is also less shear sensitive and easier to mix with MFT 

because of its lower molecular weight. Unfortunately, high dosages (up to 10,000 ppm) were 

needed to achieve optimal performance, which might restrict its applications in large scale [16]. 

Wang et al. [17] assessed the effect of polymer topology on the flocculation of clays by comparing 

hyperbranched cationic temperature-sensitive poly(2-amino-ethyl methacrylamide hydrochloride 

block N-isopropylacrylamide) P(AEMA12-b-NIPAM90) to linear cationic temperature-sensitive 

P(AEMA8-st-NIPAM75). The hyperbranched polymer was a more effective flocculant and 

produced clearer supernatants, which the authors attributed to the better contact of the cationic 

groups in the hyperbranched polymer with the clay surfaces [17]. Since the linear and 

hyperbranched polymers had similar molecular weights, their performance differences were 

attributed to their distinct branching topologies. 

Botha et al. [18, 19] combined the desired features of hyperbranched topology and hydrophobicity 

in a new hyperbranched functionalized polyethylene containing polar groups and used it to treat 

oil sands tailings. The authors showed that in the presence of cations in the process water, the polar 

functional groups in the hyperbranched functionalized polyethylene adsorbed onto the surface of 

the clay particles, causing them to flocculate. Because of the hydrophobic polyethylene core, less 

water was retained in the sediments. The hyperbranched functionalized polyethylene improved 

flocculation and dewatering performance with respect to a commercial HPAM, but was limited by 

its low molecular weights of only up to 7000 g/mol and its insufficient polar group density [18, 

19]. In our recent investigation [20], this limitation was eliminated by grafting poly(methyl 

acrylate) (PMA) side chains onto high molecular weight ethylene-propylene-diene (EPDM) 

backbones via reverse atom transfer radical polymerization (RATRP) to produce the novel 

(EPDM-g-PMA) flocculants that are the main subject of this article.  
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Atom transfer radical polymerization (ATRP) is a controlled radical polymerization method that 

can make polymers with narrow molecular weight distributions by reducing chain transfer and 

termination reactions. This process occurs in the presence of initiator/dormant macromolecular 

species containing an easily transferable halide atom and a catalyst. The catalyst (or activator) is a 

metal in lower oxidation state with a suitable ligand. Polymerization starts when the halide atom 

transfers from the initiator to the catalyst to form a free radical and a metal halide with higher 

oxidation state (deactivator). An equilibrium, which is mostly shifted towards the side with low 

radical concentration, is quickly established. As a result, the likelihood of chain termination or 

transfer occurring is minimized. This equilibrium can be reached through two main approaches: 

normal ATRP and reverse ATRP [21]. 

Atom transfer radical polymerization has been used to synthesize functional polyolefin graft 

copolymers for different applications [22-28] in a two-step process: first, halide groups are 

attached to polyolefin backbones, and then grafts are grown from these groups [29].  Reverse 

ATRP, on the other hand, requires only one step to make polyolefin graft copolymers [30-32]. In 

this process, the combination of a thermal initiator, a metal halide in its higher oxidation states, 

and a ligand to bind the catalyst initiates the polymerization. 

In this article, we used a series of partially hydrolyzed poly(methyl acrylate) grafted onto ethylene-

propylene-diene copolymer backbones (EPDM-g-HPMA) [20] to flocculate mature fine tailings. 

These flocculants had HPMA grafts with distinct molecular weights and different densities. The 

objective of this study was to find out how these variables affected the flocculation and dewatering 

performance of these novel polymers. Two EPDM samples of different molecular weights were 

also compared to study the effect of backbone length on the performance of the flocculants. The 

flocculation and dewatering performance of the novel copolymers were investigated using a 

central composite design by measuring initial settling rate, capillary suction time, supernatant 

turbidity, and sediment solids content. Through our analysis, we found out that among our 

flocculants, those with high molecular weight grafts and low grafting densities were better 

flocculants and dewatering agents. Understanding how graft molecular weight and density affect 

the efficiency of these flocculants is essential to design better polymers for the treatment of oil 

sands and other mineral tailings. 
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4.2 Experimental Details 

4.2.1 Materials 

Anhydrous methanol (99.8 %), potassium hydroxide (≥ 85 % KOH basis), calcium chloride (≥ 96 

%), and anhydrous dicholoromethane (≥ 99.8 %) were purchased from Sigma-Aldrich and used 

without further purification. The commercial HPAM (Magnafloc 1100, Mw = 17.5 MDa, 27 % 

charge density) was donated by Kemira. The MFT sample was donated by Imperial Oil. Deionized 

water was used for all flocculation experiments.  

 

4.2.2 Experimental Design 

Central composite designs can be used to build a second order model for the response variables 

without needing a complete three-level factorial design, thus reducing experimental time and costs. 

This design allow us to determine which variables have the greatest influence on process 

performance. In addition, this information can be used to adjust the critical variables required to 

improve the process [33]. 

In this study, a central composite experimental design was used to assess the effect of selected 

polymer architecture parameters on the flocculation and dewatering of oil sands tailings with 

EPDM-g-PMA [33]. The performance of the novel graft copolymers was quantified by measuring 

the initial settling rate (ISR), capillary suction time (CST), supernatant turbidity, and sediment 

solids content. A multiple linear regression model with quadratic and interaction terms was used 

to evaluate these responses 

 

𝑌𝑖 = 𝑏0 + ∑ 𝑏𝑖𝑋𝑖 + ∑ 𝑏𝑖𝑖 𝑋𝑖
2 + ∑ ∑ 𝑏𝑖𝑗𝑋𝑖𝑋𝑗

𝑛
𝑖+1

𝑛−1
1

𝑛
1

𝑛
1      (4-1) 

 

where Yi is the ith predicted response, Xi and Xj are the coded values for the independent variables, 

and b0, bi, bii, and bij are constants.  

 

https://www.sigmaaldrich.com/catalog/substance/copperiibromide22335778945911
https://www.sigmaaldrich.com/catalog/substance/copperiibromide22335778945911
https://www.sigmaaldrich.com/catalog/substance/copperiibromide22335778945911
https://www.sigmaaldrich.com/catalog/substance/copperiibromide22335778945911
https://www.sigmaaldrich.com/catalog/substance/copperiibromide22335778945911
https://www.sigmaaldrich.com/catalog/substance/copperiibromide22335778945911
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4.2.3 Synthesis of EPDM-g-PMA 

Poly(methyl acrylate) was grafted onto EPDM via reverse ATRP. The graft molecular weights and 

densities were controlled by varying the concentration and conversion of methyl acrylate and the 

concentration of initiator. Two EPDM samples having the same comonomer composition (4.9 

wt.% 5-ethylidene-2-norbornene, 50 wt. % ethylene, and 45.1 wt. % propylene) and different 

weight average molecular weights (Mw = 210 000 and 115 000) were used as backbones [20].   

In a typical polymerization, the desired masses of AIBN (initiator), CuBr2 (catalyst), and 

N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA, ligand) were dissolved in 2 mL of 

acetone. One gram of EPDM, dissolved in 20 mL of toluene, was then mixed with the previously 

prepared solution. The flask containing the resulting mixture was stirred under N2 for 20 min 

before being immersed into an oil bath at 90 °C. After stirring the solution at 90 °C for 20 min, 

methyl acrylate (previously purged with N2 for 20 min) was added to the solution to grow the PMA 

grafts on the EPDM backbones. The polymerization was allowed to continue from 24 to 48 h 

before being stopped by precipitating the polymer and with excess methanol. After washing with 

methanol, the polymer was dried at 60 °C for 24 h. Finally, ungrafted EPDM and PMA were 

extracted from the product by first stirring it in hexane (to remove the EPDM) and acetone (to 

extract the PMA) for 24 h. These three fractions were dried at 60 °C for 24 h. More details 

regarding the synthesis and characterization of the EPDM-g-PMA samples are described in our 

upcoming publication on the synthesis of EPDM-g-PMA copolymers [20]. However, a similar 

procedure is described in the paper by Haloi et al. [32], with the main exception that they used 

methacrylate instead of methyl acrylate to make for the grafts.   

 

4.2.4 EPDM-g-PMA Base Hydrolysis 

All EPDM-g-PMA copolymers were hydrolyzed according to the reaction  

 

 

 

R-COOCH3   R-COOH + CH3OH      (4-2) 

 

K+ OH- 

H2O 
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which converts acrylate into carboxylic groups [34] and enable the polymer to be dispersed in 

water. Approximately 2.0 g of EPDM-g-PMA were dissolved in 150 mL of dichloromethane. A 

desired amount of KOH solution (2.0 M) in methanol was added to the EPDM-g-PMA solution 

and left at 60 °C for 24 h to ensure near complete hydrolysis. Then, 100 mL of deionized water 

was added to the solution at 60 °C. The polymer was dispersed into the water phase, while 

dichloromethane and methanol were evaporated. The polymer aqueous solution after hydrolysis 

was used to flocculate the MFT samples. This is an expedient way to make these flocculants 

because it avoid an additional step of polymer recovery from solution.  

 

4.2.5 Settling and Flocculation Tests 

Dean-Stark extraction was used to measure the amounts of the bitumen, solids, and water of the 

MFT sample, atomic absorption spectroscopy (Varian 220FS) to quantify the concentration of 

major ions in the MFT process water (obtained by centrifuging 200 g of MFT sample for 30 

minutes), and a Malvern Mastersizer 3000 to measure particle size distribution.  

Flocculation tests used 100 mL of diluted tailings (5, 10, and 20 wt. % solids) and either the novel 

EPDM-g-HPMAs or a commercial HPAM. Deionized water was used to make diluted tailings, a 

standard procedure reported in the literature [9, 35, 36]. All settling tests were done in the presence 

of 1000 ppm Ca2+ (from a 1 M CaCl2 stock solution).  For the case of anionic flocculants, it is usual 

to add divalent anions to act as salt bridges between the polymer and the negatively charged clay 

surfaces [37-40]. The dosage of 1000 ppm Ca2+ used in this investigation was previously 

determined from a set of experiments on the MFT of Imperial Oil, by monitoring flocculation and 

dewatering performance of MFT at different Ca2+ dosages. Mature fine tailings diluted to 5 wt. % 

solids were dosed with 2000 ppm of flocculant, while those with 10 and 20 wt % solids were 

treated with 4000 ppm of flocculant. All dosages were based on the solids content of the MFT.  

The best dosages for EPDM-g-HPMAs were determined in flocculation screening tests using 

EPDM-g-HPMA with different graft molecular weights (Mg = 34 to 175 kDa) and densities (ρg = 

16 to 50 %). MFT samples diluted to 5, 10, and 20 wt. % solids were dosed with 250–10000 ppm 

of different EPDM-g-HPMA flocculants and ISR, CST, supernatant turbidity, and sediment solids 

content were measured. The results show that MFT diluted to 5 wt. % solids were overdosed when 
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more than 2000 ppm was used, while MFT with 10 and 20 wt % solids were overdosed with more 

than 4000 ppm. Therefore, a dosage o 2000 ppm was selected to treat MFT diluted to 5 wt. % 

solids, and 4000 ppm was selected to treat MFT diluted to 10 and 20 wt % solids. 

The polymer solution and the MFT were mixed in a 250 mL glass beaker equipped with a Heidolph 

Hei-Torque Precision 200 overhead mixer with a four-blade impeller (4.8 cm diameter). The MFT 

suspension was premixed at 600 rpm for 2 min to disperse the solids uniformly. After the 

premixing period, a desired amount of flocculant was added to the MFT, followed by 1000 ppm 

of Ca2+ while mixing at 20 rpm for 2 min. The best mixing parameters for EPDM-g-HPMAs were 

obtained by varying the mixing speed and monitoring the suspension torque in real-time.  For the 

reference HPAM, we adopted the original mixing conditions of 650 rpm for 2 min, followed by 

slow mixing 230 rpm for 8 min [16].  

After the mixing procedure was completed, the suspension was slowly transferred to a 100 mL 

graduated cylinder to measure the ISR. Settling rates were recorded every minute during the first 

10 min, and then recorded every 10 min over 3 h. The ISR was calculated by plotting the tangent 

of the settling curve for the first 2 min [41].  

Capillary suction time was measured to assess the dewaterability of the sludge [42] using a Triton 

319 multi-purpose instrument. At the start of the settling tests, a sample volume of 5 mL was added 

to the CST funnel, and the capillary flow of water in the filter paper was recorded. These 

measurements were repeated three times in order to quantify the experimental error.  

After 24 h of settling, the supernatant was separated from the sediments and its turbidity measured 

using a Hach 2100 AN turbidimeter. Finally, the sediments were transferred to a pre-weighted 

drying pan, dried in an oven at 60 °C for 24 h, and weighed to calculate the solids content.  

 

4.2.6 Filter Press Operation 

Pressure filtration was carried out in a filter press equipment (OFI Testing Equipment, Inc.) 

consisting of four 0.2-L stainless-steel cylindrical filtering units. This system can be pressurized 

up to 250 psig. Triton chromatographic paper with a filtration area of 12cm2 and 5 micron pore 

size was used as the filtration medium.  
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In a typical procedure, 100 mL of undiluted tailings was flocculated with EPDM-g-HPMA (2000 

to 10000 ppm) in the presence of 1000 ppm Ca2+. Undiluted tailings and flocculant were mixed at 

20 rpm for 2 mins. After mixing, the flocculated sediments were transferred to the filter press 

cylinder. The pressure was adjusted to 5 psig, and the treated MFT was filtered for 1 hour. The 

formed filter cake was dried for 24 h in an oven at 60 °C to calculate the final solids content. 

 

4.3 Results and Discussion 

4.3.1 MFT Sample Composition 

Table 4-1 lists the composition of the MFT sample from Imperial Oil. The sample contained 31.3  

wt. % solids, 90 % of which were fine particles with characteristic dimensions below 46 µm. It 

also shows that the most abundant ions in MFT process water were Na+, K+, Ca 2+, Mg 2+.  

 

Table 4-1: MFT sample composition. 

Characterization technique   
Dean stark analysis (wt. %) Bitumen 0.2 

 Solids 31.3 
 Water 68.6 
   

Major ions measured by atomic 
absorption spectroscopy (ppm) Na+ 118.3 

 Ca++ 37.3 
 Mg++ 19.8 
 K+ 15.3 
   

Particle size distribution 
Volume average (µm) d10 1.12 

 d50 6.82 
 d90 46.4 

Particle size distribution 
Number average (µm) d10 0.35 

 d50 0.49 
 d90 0.92 

pH  8.0 
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4.3.2 Effect of Graft Molecular Weight and Density of EPDM-g-HPMA on Flocculation 

4.3.2.1 Initial Settling Rate (ISR) 

EPDM-g-HPMA with different graft molecular weights (Mg) and graft densities (ρg) were used to 

flocculate MFT diluted to 5 wt. % solids. Settling tests were done in the presence of 1000 ppm 

Ca2+ and 2000 ppm of flocculant. Table 4-2 shows the ISR values for a wide range of graft average 

molecular weights (Mg = 34 to 175 kDa) and densities (ρg = 11 to 53 %).  In this set of flocculants, 

the weight average molecular weight of the backbone was kept the same, Mb = 210 kDa. Graft 

density is defined as the average fraction of diene units per chain that were grafted with a PMA 

chain. For instance, ρg = 11 % indicates that only 11 out of 100 diene units in the EPDM chain 

became grafted with PMA chains. 

 

Table 4-2: ISR for 5 wt. % MFT treated with EPDM-g-HPMA. 

Polymer* Graft molecular weights Graft density ISR 

 Mg (kDa) ρg (%) (m/h) 
EPDM-g-HPMA-210-93-11 93 11 1.12 

EPDM-g-HPMA-210-49-14 49 14 0.69 

EPDM-g-HPMA-210-147-16 147 16 1.57 

EPDM-g-HPMA-210-34-28 34 28 0.68 

EPDM-g-HPMA-210-101-32 101 32 0.94 

EPDM-g-HPMA-210-94-29 94 29 0.90 

EPDM-g-HPMA-210-175-28 175 28 1.05 

EPDM-g-HPMA-210-48-37 48 37 0.78 

EPDM-g-HPMA-210-150-37 150 37 0.98 

EPDM-g-HPMA-210-96-53 96 53 0.74 
* Polymers are labeled as EPDM-g-HPMA-Mb-Mg-ρg, where Mb is the average molecular 
weight of the backbone in kDa, Mg is the average molecular weight of the PMA grafts in kDa, 
and ρg is the percentual graft density. 

 

Table 4-3 summarizes the analysis of variance for the ISR experiments. Insignificant predictors 

were dropped out from the model. 
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Table 4-3: ANOVA table for ISR. 

Source of 
Variation 

Sum of 
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments* 

1) Mg (L: linear) 0.3696 1 0.3696 39.3591 0.0032 significant 

    Mg (Q: uadratic) 0.0002 1 0.0002 0.0288 0.8733  

2) ρg (L) 0.1479 1 0.1479 15.7478 0.0165 significant 

    ρg (Q) 0.0028 1 0.0028 0.2985 0.6138  

1L by 2L 0.1329 1 0.1329 14.1524 0.0197 significant 

Error 0.0375 4 0.0093 
  

 

Total SS 0.6372 9 
   

 
* 95% confidence interval. 

 
Figure 4-1: ISR model plots: a) normal plot, b) scatterplot of the standardized residuals as a function of the 
standardized predicted values, c) residuals versus run number, d) predicted versus observed values. 

 

B 

C D 
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The residuals (measurements versus predictions) were plotted as a function of the expected normal 

values to check for model adequacy (Figure 4-1a). The linear trend indicates that the data follows 

a normal distribution. Moreover, the scatterplot of the standardized residuals as a function of the 

standardized predicted values shows that the variance of the residuals across all levels of the 

independent variables is randomly distributed (Figure 4-1b). The residuals were also plotted versus 

case number in Figure 4-1c, showing that the independent variables were not correlated with each 

other. Finally, the plot of predicted versus observed values (Figure 4-1d) confirms that the model 

is adequate. Since all multiple linear regression assumptions were met, Equation (4-3) was derived 

based on the significant predictors,  

 

ISR = 0.029 + 0.018 g + 0.012 Mg - 0.2887×10-3 Mg g      (4-3) 

 

where Mg is the graft average molecular weight and g is the graft density.  

     

 
Figure 4-2: Surface response plot for ISR as a function of graft molecular weight and density. 
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Figure 4-2, the surface plot generated with Equation (4-3), shows that ISR increases as Mg 

increases for EPDM-g-HPMA flocculants with ρg < 40%, which may be attributed to more 

effective interactions between suspended clay particles and the acrylic functional groups in the 

HPMA grafts. This suggests that longer grafts (with more functional groups) interact more 

effectively with clay particles and form larger fast-settling flocs. Interestingly, the opposite 

behaviour is observed when the grafting density is higher than 40%: for these flocculants, ISR 

decreases as the grafts get longer. 

To confirm the dependency of ISR on graft molecular weights and densities of EPDM-g-HPMA 

flocculants, the dependency of ISR changes with the mass percentage of HPMA in EPDM-g-

HPMA were assessed.  

Figure 4-3 shows that ISR is not a function of the HPMA fraction in EPDM-g-HPMA. The EPDM-

g-HPMA flocculants (210-49-14 and 210-96-53) that had the lowest and second highest HPMA 

fractions led to the lowest ISRs of all flocculants in Figure 4-3. In addition, EPDM-g-HPMA 

flocculants 210-147-16 and 210-101-32, with similar HPMA fractions, have largely different ISRs.  

The structure of the EPDM-g-HPMA flocculants, however, influences the ISR values. For 

instance, EPDM-g-HPMA 210-96-53, 210-150-37, and 210-175-28 have the highest HPMA 

fractions of all samples in Figure 4-3. For these polymers, increasing Mg and decreasing ρg causes 

the ISR to increase. Comparing EPDM-g-HPMA 210-101-32 and 210-147-16 leads to the same 

conclusion. These results agree with the correlation among Mg, ρg, and ISR shown in Figure 4-2, 

where the performance of the EPDM-g-HPMA flocculants is a function of Mg and ρg, but not of 

HPMA fraction. 
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Figure 4-3: ISR for 5 wt. % MFT treated with EPDM-g-HPMA of different graft molecular weights and densities 
versus mass percentage of HPMA in EPDM-g-HPMA. 

 

Figure 4-4, comparing the performance of two flocculants with the same graft density but different 

molecular weights (Mg = 49 and 147 kDa), is a powerful visual demonstration of how the molecular 

weight of the HPMA grafts affect floc size. This behaviour is typical of other flocculants with 

different graft molecular weights. 

 
Figure 4-4: Flocculation of 5 wt. % MFT using EPDM-g-HPMA with different graft molecular weights: a) EPDM-
g-HPMA-210-49-14 (Mg = 49 kDa), b) EPDM-g-HPMA-210-147-16 (Mg = 147 kDa). 
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Figure 4-5 compares flocculation results with less diluted MFT (10 and 20 wt. % solids) with 4000 

ppm of a EPDM-g-HPMA with high molecular weight grafts and low graft density (Mg = 147 kDa, 

ρg =16 %). Since large flocs were formed almost immediately in these experiments, it was not 

possible to quantify the ISR values. 

 

 

 

4.3.2.2 Capillary suction time (CST) 

Capillary suction time measures how easy it is for sediments to release water. In a typical 

experiment, a sample aliquot is poured into a funnel to form a sediment bed. Once a thin porous 

filter paper is put underneath the funnel, the capillary suction pressure starts draining the water 

trapped in the sediments radially through the filter paper. The water flow rate depends on the 

height, permeability, and water-holding capacity of the sediment bed [43].  

In the following experiments, we quantified the influence of graft molecular weight and density of 

EPDM-g-HPMAs on MFT dewatering with a systematic statistical approach. Table 4-4 shows the 

CST of the sediments for 5, 10 and 20 wt. % MFT treated with different EPDM-g-HPMA 

flocculants.  

 

 

Figure 4-5: Flocculation of MFT with EPDM-g-HPMA-210-147-16: a) 10 wt.% MFT, b) 20 wt.% MFT. 

B 
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Table 4-4: CST of the sediments for 5, 10 and 20 wt. % MFT treated with EPDM-g-HPMAs.  

Polymer Graft molecular weights Graft density  CST (s) 
 Mg (kDa) g (%) 5 wt % 10 wt % 20 wt % 

EPDM-g-HPMA-210-93-11 93 11 91.52 131.43 151.31 

EPDM-g-HPMA-210-49-14 49 14 102.43 132.43 237.17 

EPDM-g-HPMA-210-147-16 147 16 45.51 85.51 102.12 

EPDM-g-HPMA-210-34-28 34 28 121.32 159.32 245.25 

EPDM-g-HPMA-210-101-32 101 32 77.35 107.26 123.27 

EPDM-g-HPMA-210-94-29 94 29 82.41 112.26 122.56 

EPDM-g-HPMA-210-175-28 175 28 39.12 83.32 107.51 

EPDM-g-HPMA-210-48-37 48 37 95.36 127.65 148.06 

EPDM-g-HPMA-210-150-37 150 37 57.43 87.43 97.23 

EPDM-g-HPMA-210-96-53 96 53 51.54 91.29 105.89 

 

Similarly to the procedure followed for ISR, we conducted an analysis of variance for the CST 

response (ANOVA tables are available in Appendix A). The accuracy of the models was assessed 

by analyzing their residuals based on multiple linear regression assumptions. To address non-

normality in the residuals, we modeled log(CST) versus the predictors to find a model that satisfied 

the assumptions of linear regression models [33]. The residual plots (Appendix A) show that the 

model met all required assumptions. Equation (4-4) to Equation (4-6) are the final expressions 

based on the significant predictors for 5, 10, and 20 wt. % MFT samples, respectively.  

 

log(CST)5% = 2.115 + 0.009 g - 0.200 ×10-3 g
2 - 0.003 Mg     (4-4) 

log(CST)10% = 2.218 + 0.004 g - 0.103×10-3 g
2 - 0.002 Mg     (4-5) 

log(CST)20% = 2.426 + 0.004 g - 0.144×10-3 g
2 - 0.003 Mg     (4-6) 

 

Figure 4-6 compares the log(CST) models for MFT samples of all concentrations. Capillary 

suction times decrease (indicating faster dewatering) when the molecular weight of the grafts 

increase for all graft densities. Moreover, the lowest CST values were reached at particular 

combinations of graft molecular weight and density. This behaviour suggests that one of the 

significant factors in dewaterability of the flocs is the total charge density of the copolymer.  
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 Figure 4-7 shows how log(CST) changes with the mass percentage of HPMA in EPDM-g-HPMA. 

The hydrolyzed PMA graft is the main source of charges in the EPDM-g-HPMA flocculants: 

increasing the HPMA content in the grafted copolymer also causes the charge density to increase.  

 

Figure 4-6: Surface response of log(CST) for diluted MFT treated with EPDM-g-HPMA of different graft molecular 
weights and densities: a) 5 wt. % MFT, b) 10 wt. % MFT, c) 20 wt. % MFT. 

 

 

 

 

 

 

A B 

C 
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Figure 4-7: log(CST) for diluted MFT treated with EPDM-g-HPMA of different graft molecular weights and 
densities versus mass percentage of HPMA in EPDM-g-HPMA: a) 5 wt. % MFT, b) 10 wt. % MFT, c) 20 wt. % 
MFT, d) MFT samples of all concentrations. 

 

4.3.2.3 Supernatant turbidity 

Measuring the supernatant turbidity allows us to determine how effectively the flocculant captures 

the finest particles in suspension. In the following experiments, we quantified the influence of graft 

molecular weight and density of EPDM-g-HPMAs on capturing fine particles with a systematic 

statistical approach. Table 4-5 shows the supernatant turbidity of 5, 10, and 20 wt. % MFT samples 

treated with EPDM-g-HPMAs after 24 h of settling.  

 

A B 

C D 
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Table 4-5: Supernatant turbidity for 5, 10 and 20 wt. % MFT treated with EPDM-g-HPMAs. 

Polymer Graft molecular weights Graft density Supernatant turbidity 
(NTU), 

 Mg (kDa) g (%) 5 wt. % 10 wt. % 20 wt. % 
EPDM-g-PMA-210-93-11 93 11 23.5 62.2 126 

EPDM-g-PMA-210-49-14 49 14 251 187.6 385.1 

EPDM-g-PMA-210-147-16 147 16 23.9 13.09 29.5 

EPDM-g-PMA-210-34-28 34 28 466 333.5 243.4 

EPDM-g-PMA-210-101-32 101 32 96 76.8 116.8 

EPDM-g-PMA-210-94-29 94 29 96 85 135.4 

EPDM-g-PMA-210-175-28 175 28 62 16.5 50.3 

EPDM-g-PMA-210-48-37 48 37 187 112.2 301.5 

EPDM-g-PMA-210-150-37 150 37 75 95 163.7 

EPDM-g-PMA-210-96-53 96 53 216 128 171.7 

 

Turbidity data were transformed by taking the logarithm of the numerical data to address non-

normality in the residuals. Like the previous response variables, we conducted an ANOVA study, 

dropped out insignificant predictors, and assessed the accuracy of the models by analyzing their 

residuals based on multiple linear regression assumptions (see Appendix A).  Equation (4-7) to 

Equation (4-9) quantify these relations for 5, 10, and 20 wt. % MFT samples, respectively.  

 

log()5% = 2.025 - 0.006 g - 0.972×10-3 Mg + 0.176×10-3 Mg g    (4-7) 

log()10% = 1.046 - 0.008 g - 0.005 Mg + 0.110×10-3 Mg g      (4-8) 

log( )20% = 0.988 - 0.006 g - 0.004 Mg + 0.803×10-3 Mg g     (4-9) 

 

Figure 4-8 shows the output of the log() model for MFT samples of all concentrations. The 

supernatant turbidity decreases for longer grafts (higher Mg) and lower graft density (ρg). 

Supernatant turbidity is mainly controlled by the stability of clays in the MFT. Bridging the 

negatively-charged clay particles in MFT destabilizes and settles them, causing the supernatant 

turbidity to decrease. Acrylic acid groups in side chains of EPDM-g-HPMA in the presence of 

Ca2+ cations in the water facilitate bridging flocculation and lower supernatant turbidity. Increasing 

graft density, however, may lead to overdosing, which explains why the turbidity starts increasing 



72 
 

for highly grafted polymers [44]. Under this condition, the solids get covered in excess flocculant 

chains and steric and/or electrostatic repulsion are getting higher that may stabilize clay particles 

and cause higher supernatant turbidity. 

 
Figure 4-8: Surface response of log(T) for diluted MFT treated with EPDM-g-HPMAs with different graft molecular 
weights and densities: a) 5 wt. % MFT, b) 10 wt. % MFT, c) 20 wt. % MFT. 

 

Similarly to ISR, no trend was observed between supernatant turbidity and the mass percentage of 

HPMA in EPDM-g-HPMA flocculants. Figure 4-9 shows that EPDM-g-HPMA with the same 

HPMA content may produce supernatants with vastly different turbidities. Compare, for instance, 

 

 

 

B 

C 
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EPDM-g-HPMA 210-96-53, 210-150-37, and 210-175-28, which have the highest HPMA content: 

as the Mg increases and the ρg decreases, the supernatant turbidity is decreases. A similar 

conclusion is reached by comparing EPDM-g-HPMA 210-101-32 and 210-146-16. These results 

agree with the correlation shown in Figure 4-8: the turbidity of supernatants released with EPDM-

g-HPMA flocculants is a function of Mg and ρg, but not of HPMA content. 

 
Figure 4-9: Supernatant turbidity for diluted MFT treated with EPDM-g-HPMA of different graft molecular weights 
and densities versus mass percentage of HPMA in EPDM-g-HPMA: a) 5 wt. % MFT, b) 10 wt. % MFT, c) 20 wt. % 
MFTs. 

A B 

C 
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4.3.2.4 Sediment solids content 

Table 4-6 shows the sediment solids content for 5, 10 and 20 wt. % MFT samples treated with 

EPDM-g-HPMAs at different graft molecular weights and densities after 24 h.   

 

Table 4-6: Sediment solids content for 5, 10 and 20 wt. % MFT treated with EPDM-g-HPMAs. 

Polymer Graft molecular weights Graft density Solids content, S 

 Mg (kDa) g (%) 5 wt. % 10 wt. % 20 wt. % 
EPDM-g-PMA-210-93-11 93 11 20.8 18.71 17.11 

EPDM-g-PMA-210-49-14 49 14 14.27 13.47 15.6 

EPDM-g-PMA-210-147-16 147 16 21.8 21.65 23.65 

EPDM-g-PMA-210-34-28 34 28 13.47 11.7 15 

EPDM-g-PMA-210-101-32 101 32 18.27 15.9 19.46 

EPDM-g-PMA-210-94-29 94 29 18.27 16.52 18.59 

EPDM-g-PMA-210-175-28 175 28 19.1 18.63 24.11 

EPDM-g-PMA-210-48-37 48 37 15.4 12.11 16.13 

EPDM-g-PMA-210-150-37 150 37 18.37 16.59 19.97 

EPDM-g-PMA-210-96-53 96 53 15.1 14.7 17.46 

 

Equation (4-10) to Equation (4-12) are the final formulae including only the significant predictors 

for 5, 10, and 20 wt. % MFT samples, respectively. Details of the ANOVA study are presented in 

the Appendix A.  

 

S5% = 7.529 + 0.173 Mg - 0.365×10-3 Mg
2 + 0.085 g - 0.001 Mg g   (4-10) 

S10% = 7.235 + 0.155 Mg - 0.267×10-3 Mg
2 + 0.0361 g - 0.001 Mg g   (4-11) 

S20% = 11.925 + 0.0833 Mg + 0.628×10-3 g
2 - 0.742×10-3 Mg g    (4-12) 

 

Figure 4-10 shows how the solids content varies as a function of graft molecular weight and 

density. For all three MFT loadings, increasing graft molecular weight and decreasing graft density 

lead to the recovery of sediments with higher solids contents.  
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Interestingly, each of the EPDM-g-HPMA that was used to treat MFT loadings with concentration 

from 5 to 20 wt. % produced sediments with similar solids contents. This observation indicates 

that the post-flocculation solids content is a function of graft molecular weights and densities, but 

is less dependent on the MFT concentration. The MFT concentration, however, determines the 

amount of sediments collected at the end of the sedimentation. Figure 4-4b, Figure 4-5a and Figure 

4-5b depict the volume of sediments obtained when 5, 10, and 20 wt. % MFT were treated with 

the same flocculant, EPDM-g-HPMA-210-147-16. It is clear that by increasing the MFT 

concentration, the volume of sediment also increases from 45 to more than 80 mL. The solids 

contents of all sediments, however, were almost the same, varying only from 21.65 to 23.65, as 

listed in Table 4-6. 
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Figure 4-10:  Surface response of sediment solids content for diluted MFT treated with EPDM-g-HPMA of different 
graft molecular weights and densities: a) 5 wt. % MFT, b) 10 wt. % MFT, and c) 20 wt. % MFT. 

 

No trend was observed between solids content and the mass percentage of HPMA in EPDM-g-

HPMA flocculants, as shown in Figure 4-11. EPDM-g-HPMA flocculants with the same HPMA 

content led different solids contents. Comparing EPDM-g-HPMA 210-96-53, 210-150-37, and 

210-175-28, which have the highest HPMA content, shows that by increasing Mg and decreasing 

ρg, the solids content increases.  
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Figure 4-11: Solids content for diluted MFT treated with EPDM-g-HPMA of different graft molecular weights and 
densities versus mass percentage of HPMA in EPDM-g-HPMA: a) 5 wt. % MFT, b) 10 wt. % MFT, c) 20 wt. % 
MFT. 

 

4.3.3 Effect of Backbone Length of EPDM-g-HPMA on Flocculation 

Two different EPDM samples with weight average molecular weights (Mb) of 115 and 210 kDa 

were used as backbones to make two series of EPDM-g-HPMAs. In the experiments discussed 

above, EPDM-g-HPMA flocculants with high Mg and low ρg performed better. Based on those 

findings, three flocculants with high Mg (93 to 179 kDa) and low ρg (~15 %) from each series (Mb 

= 115 and 210 kDa) were compared (Table 4-7). Settling rate, capillary suction time, turbidity, and 

sediment solids content were measured to study the effect of backbone length on flocculation 

performance.  

A B 

C 
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Table 4-7: EPDM-g-HPMAs properties. 

Polymer Graft molecular weights Graft density 
 Mg (kDa) g (%) 

EPDM-g-HPMA-210-93-11 93 11 

EPDM-g-HPMA-115-95-15 95 15 

EPDM-g-HPMA-210-147-16 147 16 

EPDM-g-HPMA-115-143-14 143 14 

EPDM-g-HPMA-210-177-16 177 16 

EPDM-g-HPMA-115-179-13 179 13 

 

 

4.3.3.1 Settling rate  

Both series of EPDM-g-HPMA flocculants (Mb = 115 and 210 kDa) listed in Table 4-7 were used 

to flocculate 5 wt. % solids MFT in the presence of 1000 ppm Ca2+  at a dosage of 2000 ppm. 

Figure 4-12 compares settling rates over 50 min for the EPDM-g-HPMAs series and HPAM. For 

all graft molecular weights, EPDM-g-HPMA-115 outperformed EPDM-g-HPMA-210, but not 

HPAM. This behavior was expected, considering the molecular weight differences between 

HPAM and the EPDM-g-HPMA series. High molecular weight PAM promotes faster settling rates 

because they have more units available in the polymer chains for adsorption onto the clay surface. 

Longer chains can flocculate clay particles that are more widely separated through the bridging 

mechanism.  
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Figure 4-12: Settling rates for 5 wt. % MFT treated with HPAM and EPDM-g-HPMA with two different backbones 
(Mb = 115 and 210 kDa) at graft molecular weights (Mg): a) Mg  = 100 kDa, b) Mg  = 150 kDa, c) Mg  = 180 kDa. 

 

Interestingly, EPDM-g-HPMA flocculants with shorter backbones formed bigger flocs than the 

EPDM-g-HPMA with longer backbones (Figure 4-13).  
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Figure 4-13: Flocculation of 5 wt. % MFT using EPDM-g-HPMA with the same graft molecular weight and density, 
but different backbone length: a) EPDM-g-HPMA-210-177-16, Mb = 210 kDa, b) EPDM-g-HPMA-115-179-13, Mb 
= 115 kDa.  

 

The formation of bigger flocs that sediment faster may be correlated to how well the flocculant is 

dispersed in water. Table 4-8 shows that for all graft molecular weights (Mg = 93 to 179 kDa), the 

EPDM-g-HPMA-115 flocculants produced supernatants with lower turbidity. We may assume that 

this reflect their higher dispersability in water, which is expected since these flocculants are less 

hydrophobic than the EPDM-g-HPMA-210. As a result, interactions between the polymer 

functional groups and the clay surfaces may be more effective and lead to the formation of larger 

flocs that settle faster. 

 

Table 4-8: Turbidity of anionic EPDM-g-HPMAs suspension in water.  

Polymer Turbidity  (NTU) 

EPDM-g-HPMA-210-93-11 826 

EPDM-g-HPMA-115-95-15 731 

EPDM-g-HPMA-210-147-16 466 

EPDM-g-HPMA-115-143-14 319 

EPDM-g-HPMA-210-177-16 175 

EPDM-g-HPMA-115-179-13 95 

 

A B 
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4.3.3.2 Capillary Suction Time (CST) 

Figure 4-14a shows that for all graft molecular weights, the CST was lower for 5 wt. % MFT 

treated with EPDM-g-HPMA-210. Since EPDM-g-HPMA-210 flocculants have longer 

hydrophobic backbones, they can more effectively expel water from the flocs. These results are 

consistent with settling rate results for EPDM-g-HPMA-210 generating more compact mudlines 

(Figure 4-12). This supports our hypothesis that longer hydrophobic backbones enhance the 

dewaterability and consolidation of the sediments. The EPDM-g-HPMA flocculants with longer 

grafts (Mg = 150 and 180 kDa) also outperform HPAM due to their higher hydrophobicities.  

Figure 4-14b, and Figure 4-14c show that capillary suction times for 10 and 20 wt. % MFTs are 

higher than those for 5 wt. % MFT. However, similarly to 5 wt. % MFT, EPDM-g-HPMA-210 

flocculants with Mg = 100 to 180 KDa have lower CST values than EPDM-g-HPMA-115 

flocculants. These figures also show that flocculants with longer grafts lead to lower CSTs. 

Interestingly, the CST values of the sediments made with both EPDM-g-HPMAs series with Mg= 

180 kDa are lower than for the reference PAM. These results highlight how adding hydrophobic 

segments to polymer flocculants can help improve their dewatering behaviour. 
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4.3.3.3 Supernatant turbidity 

The supernatants turbidities of 5 wt. % MFT treated with different flocculants after 24 h of 

sedimentation is compared in Figure 4-15a. The first striking difference is that all EPDM-g-HPMA 

flocculants produced supernatants with much lower turbidities than the reference PAM. EPDM-g-

HPMA-210 flocculants generated supernatants with slightly higher turbidity than its shorter-

backbone counterparts, EDPM-g-HPMA-115, but the differences were almost negligible. It may 

be speculated that the presence of a longer EPDM backbone in the EPDM-g-HPMA-210 series 

imparts higher hydrophobicity to these polymers, causing them to disperse less effectively in the 

MFT and capture fewer fine particles.  

Not surprisingly, when more concentrated MFT suspensions were used (10 and 20 wt. %), the 

supernatant turbidity increased, as depicted in Figure 4-15b, and Figure 4-15c, but the same trends 

were still observed: 1) all EPDM-g-HPMA outperformed the reference PAM and, 2) EPDM-g-

HPMA-115 flocculants produced supernatants with lower turbidities than EPDM-g-HPMA-210. 

In both series, increasing Mg led to a decrease in supernatant turbidity, which highlights how the 

functional groups on the grafted chains interact with the fine clay particles.  
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4.3.3.4 Sediment solids content 

Figure 4-16a compares the sediment solids content measured after 24 h for 5 wt. % MFT treated 

with 2000 ppm of EPDM-g-HPMAs and HPAM in the presence of 1000 ppm Ca2+. All EPDM-g-

HPMA outperformed the reference PAM. In addition, sediments with higher solids contents were 

achieved for EPDM-g-HPMA-115 than with EPDM-g-HPMA-210, although the difference was 

relatively small. The molecular weight of the grafts also seems to play a minor role on the final 

solids content. 

As shown in Figure 4-16b, and Figure 4-16c, 10 and 20 wt. % MFT treated with 4000 ppm of 

EPDM-g-HPMAs show similar trends: the shorter the EPDM backbone, the higher the solids 

contents of the sediments. For 10 wt. % MFT suspensions, both EPDM-g-HPMAs series having 

Mg ≥ 150 kDa produced sediments with more solids than HPAM. For 20 wt. % MFT suspensions, 

however, only EPDM-g-HPMA-115 with grafts of Mg=180 kDa outperformed the reference 

HPAM.  
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4.3.3.5 Filtration of Flocculated Sediments  

In the experiments discussed above, EPDM-g-HPMA-115-179-13 produced sediments with more 

solids than HPAM for all MFT suspensions. Based on those findings, undiluted MFT was treated 

with 2000 ppm of HPAM, and different dosages (2000 to 10000 ppm) of EPDM-g-HPMA-115-

179-13 in the presence of 1000 ppm Ca2+ (Figure 4-17). A dosage of 2000 ppm of EPDM-g-

HPMA-115-179-13 was not enough to flocculate the MFT. Increasing it to 4000 ppm produced 

sediments with 36.16 % solids, but higher dosages up to 10000 only increased the solids slightly 

to 39.53 %. This observation is not uncommon with polymeric flocculants, which see their 

effectiveness plateau or even decrease after they reach an optimum surface coverage of the 

suspended solids. For polymer dosages of 4000 to 10000 ppm, EPDM-g-HPMA-115 outperformed 

HPAM. 

 

 
Figure 4-17: Sediment solids contents for undiluted MFT treated with 2000 ppm of HPAM, and different dosages of 
EPDM-g-HPMA-115-179-13. 

 

The solids content of the sediments can be further increased by filtration [12] after flocculation. 

Immediately after settling, the flocculated sediments were filtered in a filter press at 5 psig. The 

filter cake samples formed after 1 h were dried for 24 h in an oven at 60 °C to obtain the final 

solids content. Figure 4-18 shows that cohesive filter cakes were formed with 40 % solids content 

for HPAM, and 43 % solids content for all EPDM-g-HPMA-115-179-13 dosages.  
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Figure 4-18: Filter cakes for flocculation of undiluted MFT with: a) 2000 ppm HPAM, b) 4000 ppm EPDM-g-
HPMA-115-179-13, c) 8000 ppm EPDM-g-HPMA-115-179-13, and d) 10000 ppm EPDM-g-HPMA-115-179-13. 

 

EPDM-g-HPMA-115-179-13 is the best candidate among this series of EPDM-g-HPMA 

flocculants because it can produce sediments with higher solids contents than HPAM. Based on 

those findings, EPDM-g-HPMA-115-179-13 was hydrolyzed with process water to assess the 

effect of process water on its performance. Undiluted MFT was treated with 2000 ppm of HPAM 

and 4000 ppm of EPDM-g-HPMA-115-179-13 in the presence of 1000 ppm Ca2+. This treatment 

produced sediments with solids content of 37.14 % and 35.1 % for EPDM-g-HPMA-115-179-13 

and HPAM respectively. EPDM-g-HPMA-115-179-13 also performed better than HPAM as a 

filtration aid. It formed a filter cake with 47 % solids content, while it was 43% for HPAM. Both 

flocculants with process water showed slightly higher solids content than those with deionized 

water. 
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4.4 Conclusions 

In this work, the impact of graft molecular weights (Mg) and graft densities (ρg) of a series of 

EPDM-g-HPMA polymers on the flocculation and dewatering of MFT were investigated through 

a systematic statistical approach. The initial settling rate (ISR) for 5 wt. % MFT was lower for 

EPDM-g-HPMAs with higher Mg and low ρg. Flocculants with high Mg and low ρg performed even 

better for 10 and 20 wt. % MFT due to the fast formation of larger flocs that settled quickly. Based 

on the CST measurements, a balance between Mg and ρg of the EPDM-g-HPMAs is required for 

fast dewatering of the sediments. The turbidity was significantly decreased by increasing Mg and 

decreasing ρg for MFT samples of all concentrations. Sediments solids content measurements show 

that the highest solids content were achieved using EPDM-g-HPMAs with high Mg and low ρg.  

Based on these results, high molecular weight poly(methyl acrylate) side chains with low graft 

density were added to two different EPDM backbones with different weight average molecular 

weights of 115 and 210 kDa to find out the effect of  backbone length on the flocculation and 

dewatering of MFT in comparison with a reference HPAM. Initial settling rate, CST, turbidity, 

and solids content results for these two series of EPDM-g-HPMA showed that their flocculation 

properties depended significantly on their backbone lengths. Flocculants with shorter EPDM 

backbones seemed to disperse more effectively in water and, consequently, improve the settling 

rate of the suspended clay particles, decrease supernatant turbidity, and increase the solids content 

of sediments. On the other hand, the longer hydrophobic EPDM backbones expelled water from 

the flocs faster, and generating more compact mudlines. 

Although EPDM-g-HPMAs with lower Mb = 115 kDa enhanced the settling rate of the clay 

particles, but it is still lower than HPAM. The CST results show that both series of EPDM-g-

HPMAs with high Mg (180 kDa) dewatered MFT faster than HPAM. Both series also produced 

supernatants with lower turbidity than HPAM, which shows the capability of these flocculants in 

capturing more fine particles.  
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Chapter 5 
 

5 Flocculation Efficiency and Spatial 

Distribution of Water in Oil Sands 

Tailings Flocculated with a Partially 

Hydrophobic Graft Copolymer 

 

Partially hydrophobic polymers may dewater oil sands tailings more effectively than commercial 

hydrophilic flocculants. In this study we combine confocal microscopy and rheology to investigate 

how the graft density of ethylene-propylene-diene grafted with hydrolysed poly(methyl acrylate) 

(EPDM-g-HPMA) affect its dispersion in water and flocculation efficiency in terms of sediment 

solids content and long-term dewatering of oil sands tailings. Increasing the graft density from 30 

% to 50 % makes the flocculant easier to disperse, increases the rate of initial dewatering, and also 

enhances the viscoelastic response of the flocculated sediments right after sedimentation. 

However, the long-term rheological properties of the flocculated sediments were similar for all 

flocculants. Tri-dimensional microscopic details of the spatial distribution of water within the 

flocculated sludge provide novel insights into the performance of the flocculants. Increasing the 

graft density in EPDM-g-HPMA traps more water within the individual flocs and consequently, 

decreases the post-flocculation dewatering rate.  
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5.1 Introduction 

Alberta has the third largest proven crude oil reserve in the world. The tailings that are produced 

during hot water oil extraction methods are the well-known problem of oil sands. These tailings 

are a complex mixtures of water, clay, silt, sand, unrecovered bitumen, and organic solvents [1] 

,which cover an area over 176 km2 in Alberta [2]. Tailings contain negatively-charged clay 

particles. The larger particles (>44𝜇m) settle under gravity, while the fines (<44𝜇m) and ultra-

fines (<0.2𝜇m) undergo a limited consolidation and from colloidal suspension [3, 4] known as 

fluid fine tailings (FFT).  After a certain time, the fines compact into a stable gel-like structure 

called mature fine tailings (MFT), which contains approximately 30 wt% solids [5].   

Over the past few decades, several approaches have been proposed to expedite dewatering and 

solids consolidation in MFT [6-9]. Polymer flocculation has been commonly used to treat the oil 

sands tailings because of its low cost and immediate water release [10]. Electrostatic interactions, 

hydrogen bonding, and Van der Waals forces make the polymer chains adsorbed onto MFT 

particles and creating larger flocs that settle faster. The formation of large flocs is also linked to 

the bridging efficiency of the polymer [11].   

Many natural and synthetic polymers have been used to flocculate MFT. Natural polymers degrade 

easily and are non-toxic, but are less effective than synthetic flocculants [12, 13]. Among the latter, 

industry has chosen high molecular weight polyacrylamide (PAM) because of its fast initial 

dewatering and floc settling rates [14, 15]. The performance of a flocculant, however, depends not 

only on initial dewatering and settling rates, but also on the rate of water release from the sediments 

during the consolidation period, which occurs on much longer time scale [16]. Since highly 

hydrophilic flocculants are likely to retain water in the sediments, it is reasonable to assume that a 

partially hydrophobic flocculant would help retain less water in the sediments [17, 18].  

Recent studies on PAM modification involve the addition of hydrophobic groups to increase 

dewatering rates [19-25]. Partially hydrophobic flocculants, including UV-initiated [26, 27], 

thermosensitive [28, 29], CO2 transitional polymers [30] and pH-responsive polymers, have been 

studied. Although most of them flocculated and dewatered tailings well, they are hard to scale up 

[31]. Most of these studies highlighted the advantages of hydrophobic modifications of PAM-

based flocculants and discussed how they improved dewatering, but most polymers used 
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acrylamide as a comonomer, which is known to retain large amounts of water via hydrogen 

bonding [32-35].  

To address this issue, a novel hybrid flocculant by reverse ATRP combining a hydrophobic 

ethylene/propylene/diene copolymer backbone and hydrolyzed poly(methyl acrylate) grafts 

(EPDM-g-HPMA) were synthesized [36]. The graft density of this polymer can be varied to obtain 

an optimum level of solubility and extended conformation of the polymer in solution. The 

functional groups in EPDM-g-HPMA are expected to adsorb to clay surfaces via hydrogen 

bonding that can undergo bridging flocculation. Although this mechanism is expected to be similar 

to that of hydrolyzed polyacrylamides, the extent of hydrogen bonding is expected to be less in the 

case of the EPDM-g-HPMA due to the absence of amide groups.  

To characterize this novel polymer, the current study combines laser scanning confocal 

microscopy (LSCM) and rheology to quantify microscale rearrangements in oil sands tailings 

sediments flocculated with EPDM-g-HPMA with grafting densities varying between 30 % and 50 

%. Our analysis demonstrated that graft density controls the dispersity if flocculant in water and 

the amount of retained water in the produced flocs. In addition, the intra-floc vs inter-floc water 

distribution in the flocculated sediments showed a clear effect of the polymer grafting density on 

the post flocculation long-term consolidation. Our results elucidate the fundamental of 

microscopic mechanisms for flocculation and dewatering of oil sands tailings and is a great help 

to develop effective flocculants for oil sands and other mineral tailings. 

 

5.2 Materials and Methods 

5.2.1 Materials 

Three EPDM-g-HPMA samples with graft molecular weights of ~ 175 kDa and different graft 

densities of (~30, 40 and 50 %) were used in this study. Poly(methyl acrylate) was grafted on 

EPDM chains by reverse atom transfer radical polymerization (ATRP). The molecular weight and 

density of the grafts were controlled by varying the concentration and conversion of methyl 

acrylate, and the concentration of initiator. More details regarding the synthesis, characterization, 

and hydrolysis of the EPDM-g-HPMA flocculants were described in other publications [36, 37]. 
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The mature fine tailings (MFT) sample used in the flocculation studies was received from Innotech 

tailings bank (Calgary, AB, Canada). The mass fractions of water (62.2 %), solids (36.77 %), and 

bitumen (1.03 %) in the raw MFT were determined by Dean-Stark analysis [38, 39].  

 

5.2.2 Flocculation Methodology 

The MFT was diluted to 5 wt% using deionized water and pre-mixed at 300 rpm for 1 min to get 

a homogeneous slurry. The flocculation tests used a mixture of the diluted MFT, 2000 ppm of 

EPDM-g-HPMAs, and 1000 ppm of Ca2+ (1M CaCl2), totalling 1000 mL. A flat blade impeller 

(111.43 × 25.4 mm) attached to an overhead stirrer was used to mix the slurry without breaking 

the flocs [37]. The mixture was stirred at 30 rpm for 3 min. Immediately after the flocculation, 

about 100 mL of the mixture was transferred to a graduated cylinder to measure changes in mudline 

height, while the rest of the slurry was placed into a separating funnel for prolonged storage and 

sampling during the aging study. The above procedure was repeated thrice for all three polymer-

treated MFT. 

 

5.2.3 Microstructure Imaging of the Flocculant and the Flocculated Sediment by Confocal 

Microscopy 

An inverted SP8X confocal laser scanning microscope (Leica Microsystems Inc, Canada) was 

used to image the flocculant dispersion in reflection mode, and the flocculated MFT sediments in 

a combination of reflection and fluorescence imaging techniques [40-42]. For all imaging, a 63× 

oil immersion objective with a numerical aperture of 1.4, a zoom factor of 1, a pinhole of 0.80 AU 

and an imaging format of 1024 × 1024 was used, with a final image pixel size of 180 nm × 180 

nm. The polymer dispersion was imaged by detecting the reflection of 633 nm laser light from the 

polymer aggregates. In the case of flocculated MFT sediments, the fluorescence of bitumen 

features was imaged in a detection range 500 to 550 nm, upon excitation with 488 nm laser line 

[43-45], while the clay structures were imaged in the reflection mode similarly to the above-

mentioned polymer dispersion. The stacks of 2D images were acquired from different spots 

throughout the sediment sample. The obtained stacks of 2D images were firstly processed in 

MATLAB using a pseudocode, and then the exported binarized 2D image stacks of the bitumen 



5.2.4 Shear Rheology   



5.3 Results and Discussion 

5.3.1 Flocculant Characterization 



5.3.2 Characterization of the Polymer-Treated MFT  
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extents for 120 days. During aging, the volume fraction of the solids in the sediments increased, 

while the volume fraction of water (in the channels between the flocs) decreased. The amounts of 

volume fractions for solids, bitumen and water is estimated from 3D images. For all samples, at 

least three aliquots were imaged and the averages of estimated values are reported in Figure 5-3b. 

Sediments flocculated with EPDM-g-HPMA with higher graft densities produced sediments with 

higher solid volume fractions at all times. While the volume fractions of clay and water follow 

clear trends, the volume fraction of bitumen does not. This behaviour is not unexpected because 

bitumen is heterogeneously distributed throughout the sediments, and the depth and size of the 

acquired images were not large enough to capture the actual trend of bitumen compaction.   

Finally, the compaction of the sediments during aging changed their fractal dimensions (Figure 

5-3c) according to two regimes: a fast linear increase over the first 14 days (high sediment 

compaction rate), followed by a second, slower compaction rate until the end of the aging period. 

Since consolidation takes place during the second regime, the slopes of the curves in this regime 

indicates the difference in the compaction rate of sediments based on the polymer grafting density. 

Figure 5-3c shows that EPDM-g-HPMA 30 had the steepest slope in the second regime and 

therefore, the highest compaction rate during the consolidation period. The least grafted EPDM-

g-HPMA 30 has the highest hydrophobicity among the three polymers and its functionality 

becomes evident over a long term settling rather than the rapid initial results, thus justifying the 

steepest curve and its consolidation. 

This phenomenon was further investigated by comparing the volume fractions estimated from the 

3D image data and measured by Dean-Stark analysis (Figure 5-4). The weight fractions of water, 

bitumen and solids from Dean-Stark analysis were converted to volume fractions assuming the 

density values shown in Figure 5-4b. Depending on the variation of the solids packing in the 

sediment, we will have slight variation of density for each measurement. Averages of 3 different 

density measurements were calculated for each of the samples to arrive at a density value that is 

homogeneous to the entire bed of solid layers. The mass, volume and composition of the solids, 

bitumen and water in the MFT samples flocculated and aged for 120 days were determined by the 

Dean Stark experiment, which is calculated and tabulated in Table 5-1.  For all the 3 polymer 

flocculated and aged MFT samples, the obtained range of solids volume fraction by Dean Stark 

analysis,  followed a trend similar to the solids volume fraction obtained by confocal laser scanning 
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Table 5-1: The mass balance of the solids, bitumen and water in the MFT samples flocculated and aged for 120 days 
obtained from confocal imaging and Dean Stark, along with the volume fraction calculation based on the average 
densities for solids, water and bitumen. 

 Confocal imaging data Dean Stark data 

E
PD

M
-g

-H
PM

A
 3

0 

 Vol % ρ (g/cm3) Mass (g) wt% Vol (cm3) Vol% 

Solids 32.33 2.3 12.50 36.78 5.43 20.26 

Water 65.58 1 19.57 57.61 19.57 72.98 

Bitumen 2.09 1.05 1.91 5.61 1.82 6.77 

Total 100  33.98 100 26.82 100 

Intra-floc water 72.98 – 65.58 = 7.40 % 

E
PD

M
-g

-H
PM

A
 4

0 

 Vol % ρ (g/cm3) Mass (g) wt% Vol (cm3) Vol% 

Solids 36.03 2.3 23.04 40.11 10.01 23.13 

Water 60.39 1 30.56 53.21 30.56 70.59 

Bitumen 3.58 1.05 2.85 4.97 2.71 6.28 

Total 100  57.43 100 43.30 100 

Intra-floc water 70.59 – 60.39 = 10.20 % 

E
PD

M
-g

-H
PM

A
 5

0 

 Vol % ρ (g/cm3) Mass (g) wt% Vol (cm3) Vol% 

Solids 41.18 2.3 9.56 44.76 4.16 26.49 

Water 55.47 1 10.71 50.12 10.71 68.22 

Bitumen 3.35 1.05 0.87 4.08 0.83 5.28 

Total 100  21.37 100 15.70 100 

Intra-floc water 68.22 – 55.47 = 12.75 % 

 

This analysis allowed us to gain additional insights on how well the different flocculants 

performed. Figure 5-4b shows that the volume fraction of intra-floc water, which is harder to 

eliminate in the long term, is the highest for EPDM-g-HPMA 50 after 120 days of aging. This 

polymer contains the highest density of hydrophilic grafts, therefore the resulting flocs are 

expected to hold more water than those produced using polymers with lower graft densities. This 

result demonstrates the effect of grafting density on the floc water holding capacity, which can 

significantly influence the consolidation rate.  

 



5.3.3 Rheological Characterization of the Flocculated MFT Sediments  
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5.4 Conclusion 

The results of this study provide microscopic insights into the effect of the graft density of EPDM-

g-HPMA flocculant on how well it can be dispersed in water, how water is distributed in the 

flocculated sediments, and consequent dewatering over 120 days after flocculation. In this study, 

confocal laser scanning microscopy utilizedas to observe the dispersion and aggregation of EPDM-

g-HPMA in water, along with stress-controlled rheometery to measure the viscosity of the 

corresponding polymer solutions. Microscopy observations and rheology measurements were in 

agreement that EPDM-g-HPMA with higher graft density disperse more easily in water and 

aggregate less, which produce solutions with higher viscosity. This better dispersibility of EPDM-

g-HPMA with higher graft density leads to production of sediments with higher solids contents.  

The spatial distribution of water within the flocculated sediments after 120 days of sedimentation 

were quantified. Volume fractions of water and solids in sediments obtained by the 3D microscope 

image data and Dean-Stark analysis were compared for this purpose. The intra-floc water was 

calculated as the difference between the water volume fraction obtained by Dean Stark analysis 

and the 3D image data. The results show that the volume fraction of intra-floc water, which is 

harder to eliminate in the long term, is higher for EPDM-g-HPMA with higher graft densities. 

Polymers with higher graft densities contains more hydrophilic grafts that hold more water as 

intra-floc water. Thus, the graft density governs the flocculation efficiency and long-term 

consolidation. In other word, the graft density of EPDM-g-HPMA controls how effectively the 

EPDM-g-HPMA flocculant repelled water and consequently affects the rate of dewatering and the 

sediment strength evolution.  
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Chapter 6 

 

6 Conclusion and Future Work 

 

6.1 Conclusion 

The main objective of this thesis was to synthesize novel hybrid flocculants by reverse ATRP 

combining a hydrophobic ethylene/propylene/diene copolymer backbone and hydrolyzed 

poly(methyl acrylate) grafts (EPDM-g-HPMA) and to quantify how the microstructure of the 

EPDM-g-HPMA affects its flocculation and dewatering performance of oil sands MFT. 

To accomplish this objective, first, graft copolymers of poly(methyl acrylate) and EPDM, EPDM-

g-PMAs, were synthesized by grafting PMA side chains onto EPDM backbones with various graft 

molecular weights and densities via reverse ATRP. The graft molecular weight and density were 

controlled by varying methyl acrylate concentration and conversion, and the ratio of initiator to 

EPDM backbone. Graft densities and molecular weights of the EPDM-g-PMA samples were 

estimated theoretically using ATRP kinetics and by 1H NMR and GPC. Measurements and 

estimates for these properties agreed well, confirming that the EPDM-g-PMA samples were 

synthesised successfully with controllable graft lengths and densities. 

In the next step, acrylate functional groups in EPDM-g-PMA were converted by base hydrolysis 

to acrylic acids to enable polymer dispersion in water. Then, a series of hydrolyzed poly(methyl 

acrylate) grafted onto ethylene-propylene-diene copolymer backbones (EPDM-g-HPMA) were 

used as flocculant to treat oil sands mature fine tailings. The impact of graft molecular weights 

(Mg) and graft densities (ρg) of a series of EPDM-g-HPMA polymers on the flocculation and 

dewatering of MFT were investigated through a systematic statistical approach. The results 

showed that the initial settling rate (ISR) for 5 wt. % MFT was lower for EPDM-g-HPMAs with 

higher Mg and low ρg. Flocculants with high Mg and low ρg performed even better for 10 and 20 
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wt. % MFT due to the fast formation of larger flocs that settled quickly. Based on the CST 

measurements, a balance between Mg and ρg of the EPDM-g-HPMAs is required for fast 

dewatering of the sediments. The turbidity was significantly decreased by increasing Mg and 

decreasing ρg for MFT samples of all concentrations. Sediments solids content measurements show 

that the highest solids content were achieved using EPDM-g-HPMAs with high Mg and low ρg.  

Based on these results, high molecular weight poly(methyl acrylate) side chains with low graft 

density were added to two different EPDM backbones with different weight average molecular 

weights of 115 and 210 kDa to find out the effect of  backbone length on the flocculation and 

dewatering of MFT in comparison with a reference HPAM. Initial settling rate, CST, turbidity, 

and solids content results for these two series of EPDM-g-HPMA showed that their flocculation 

properties depended significantly on their backbone lengths. Flocculants with shorter EPDM 

backbones seemed to disperse more effectively in water and, consequently, improve the settling 

rate of the suspended clay particles, decrease supernatant turbidity, and increase the solids content 

of sediments. On the other hand, the longer hydrophobic EPDM backbones expelled water from 

the flocs faster and generated more compact mudlines. 

 Although EPDM-g-HPMAs with lower Mb = 115 kDa enhanced the settling rate of the clay 

particles, but it is still lower than HPAM. The CST results show that both series of EPDM-g-

HPMAs with high Mg (180 kDa) dewatered MFT faster than HPAM. Both series also produced 

supernatants with lower turbidity than HPAM, which shows the capability of these flocculants in 

capturing more fine particles. 

Finally, we assessed the effect of the graft density of EPDM-g-HPMA flocculant on how well it 

can be dispersed in water, how water is distributed in the flocculated sediments, and consequent 

dewatering over 120 days after flocculation. The confocal laser scanning microscopy was used to 

observe the dispersion and aggregation of EPDM-g-HPMA in water, along with stress-controlled 

rheometery to measure the viscosity of the corresponding polymer solutions. Microscopy 

observations and rheology measurements showed that EPDM-g-HPMA with higher graft density 

disperse more easily in water and aggregate less, which produced solutions with higher viscosity. 

This better dispersity of EPDM-g-HPMA with higher graft density leads to production of 

sediments with higher solids contents.  
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In addition, the spatial distribution of water within the flocculated sediments after 120 days of 

sedimentation were quantified. Volume fractions of water and solids in sediments obtained by the 

3D microscope image data and Dean-Stark analysis were compared for this purpose. The intra-

floc water was calculated as the difference between the water volume fraction obtained by Dean 

Stark analysis and the 3D image data. The results show that the volume fraction of intra-floc water, 

which is harder to eliminate in the long term, is higher for EPDM-g-HPMA with higher graft 

densities. Polymers with higher graft densities contains more hydrophilic grafts that hold more 

water as intra-floc water. Thus the graft density governs the flocculation efficiency and long-term 

consolidation. In other word, the graft density of EPDM-g-HPMA controls how effectively the 

EPDM-g-HPMA flocculant repelled water and consequently affects the rate of dewatering and the 

sediment strength evolution.  

Understanding and quantifying these dependencies is the starting point for the optimal design of 

these polymers not only for the treatment of the oil sands tailings, but also the treatment of other 

mineral and metal tailings.  

 

6.2 Future Work 

The findings of this thesis gave rise to several areas that need further investigation: 

1. Different series of EPDM-g-HPMA flocculants were synthesized and used to flocculate 

diluted and undiluted MFT. The initial settling rate, turbidity, and sediments solids content 

measurements show that lower ISR and turbidity, and the highest solids content were 

achieved using EPDM-g-HPMAs with high Mg and low ρg. According to the surface 

responses plots in the current study, the optimal polymer flocculant could be achieved by 

synthesizing the EPDM-g-HPMA flocculants with grafts molecular weight higher than 179 

kDa and low graft density (~15 %). It would be interesting to continue this optimal trend 

by increasing the grafts molecular weight while keeping the graft density constant, and 

investigate the flocculation behavior of these polymers. The challenge, however, would 

remain in obtaining side chains with high molecular weights (in the range of millions) with 

narrow distributions, because the typical molecular weight range achieved in this study by 

ATRP is maximum of a few 100,000 Da. It is necessary to investigate the potential of other 
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controlled polymerization methods to gain the desirable EPDM-g-HPMA having high Mg 

with narrow distribution and low ρg. 

 

2. There are plenty of valuable investigations on polymer-induced flocculation and 

dewatering of MFT, which some of them was mentioned in the literature review of this 

study.  In this research path, polymers properties was varied and their effect on a constant 

tailings composition was evaluated; consequently, applicability of different polymers in 

tailings treatment would be achieved. This is the pathway of our study in the first and 

second phase of the current research. However, the fundamental interactions between 

polymer and tailing components that are responsible in the flocculation process remain 

unclear. Thus, there is an absence for a systematic study on the adsorption behavior and 

interaction forces between polymer flocculants and the solid particles in MFT. Even though 

the general mechanisms of flocculation due to polymer-clay interactions for pure clay 

systems are studied, the properties of clays in oil sands tailings would be significantly 

altered due to the surface chemistry adjustments of clays in contact with organic material, 

which concludes to a wider range of polymer-clay interactions. In this regard, investigating 

the interaction forces between polymer and MFT components with Atomic Force 

Microscope (AFM) and Surface Force Apparatus (SFA) would be a good start to obtain 

some knowledge of polymer-clay interactions in oil sands MFT.  

 

3. The microstructure of polymer flocculants and the resulted flocs are also rarely 

characterized in detail. Understanding the effects of polymer microstructure on bridging 

and trapping fine particles is important. This knowledge helps researchers to tailor 

polymers to be more effective in settling fine particles. In the current study, confocal 

scanning laser microscope provided an introduction to the microstructure of flocs and the 

spatial distribution of water between and in the flocs. This visual and analytical observation 

was a great assistance to realize the long-term dewatering behavior of sediments. This path 

needs to be continued with other microscopy techniques including cryo-SEM and TEM to 

provide better insight of the polymer structure and the resulted flocs.  
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1 Supplementary Information for Chapter 
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Table A 1: ANOVA table for CST for 5 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 0.2044 1 0.2044 41.9919 0.0029 significant 

    Mg (Q: quadratic) 0.0063 1 0.0063 1.2861 0.3201  

2) g (L) 0.0056 1 0.0056 1.1457 0.3447 significant 

    g (Q) 0.0104 1 0.0104 2.1415 0.2172 significant 

1L by 2L 0.0035 1 0.0035 0.7231 0.4430  

Error 0.0195 4 0.0049    

Total SS 0.2455 9     
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Figure A 1: CST model plots for 5 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals as a 
function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed values. 

 

Table A 2: ANOVA table for CST for 10 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 0.0702 1 0.0702 38.6223 0.0034 significant 

    Mg (Q: quadratic) 0.000002 1 0.000002 0.0011 0.9755  

2) g (L) 0.0045 1 0.0045 2.4855 0.1900 significant 

    g (Q) 0.0013 1 0.0013 0.7236 0.4429 significant 

1L by 2L 0.0001 1 0.0001 0.0608 0.8174  

Error 0.0073 4 0.0018    

Total SS 0.0857 9     

A  B  

C  D 
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Figure A 2: CST model plots for 10 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals as a 
function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed values. 

 

Table A 3: ANOVA table for CST for 20 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 0.1461 1 0.1461 286.4833 0.0007 significant 

    Mg (Q: quadratic) 0.0128 1 0.0128 25.1644 0.0074  

2) g (L) 0.02235 1 0.02235 43.7984 0.0027 significant 

    g (Q) 0.000007 1 0.000007 0.0129 0.9151 significant 

1L by 2L 0.0086 1 0.0086 16.8931 0.0147  

Error 0.0020 4 0.0005    

Total SS 0.1902 9     

 

A  B  

C  D 
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Figure A 3: CST model plots for 20 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals as a 
function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed values. 

 

Table A 4: ANOVA table for turbidity for 5 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 0.4652 1 0.4652 26.5019 0.0068 significant 

    Mg (Q: quadratic) 0.0439 1 0.0439 2.5009 0.1889  

2) g (L) 0.1885 1 0.1885 10.7360 0.0306 significant 

    g (Q) 0.0014 1 0.0014 0.0771 0.7950  

1L by 2L 0.0496 1 0.0496 2.8235 0.1682 significant 

Error 0.0702 4 0.0176    

Total SS 0.8003 9     

A  B  

C  D 
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Figure A 4: Turbidity model plots for 5 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals as a 
function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed values. 

 

Table A 5: ANOVA table for turbidity for 10 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 0.0838 1 0.0838 60.3852 0.0014 significant 

    Mg (Q: quadratic) 0.0022 1 0.0022 1.5584 0.2800  

2) g (L) 0.0113 1 0.0113 8.1314 0.0463 significant 

    g (Q) 0.00001 1 0.00001 0.0097 0.9264  

1L by 2L 0.0193 1 0.0193 13.9142 0.0203 significant 

Error 0.0056 4 0.0014    

Total SS 0.1137 9     

A  B  

C  D 
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Figure A 5: Turbidity model plots for 10 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals as a 
function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed values. 

 

Table A 6: ANOVA table for turbidity for 20 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 0.0361 1 0.0361 47.5570 0.0023 significant 

    Mg (Q: quadratic) 0.0003 1 0.0003 0.3588 0.5814  

2) g (L) 0.0040 1 0.0040 5.3205 0.0823 significant 

    g (Q) 0.0001 1 0.0001 0.1504 0.7179  

1L by 2L 0.0103 1 0.0103 13.5625 0.0212 significant 

Error 0.0031 4 0.0008    

Total SS 0.0501 9     

A  B  

C  D 
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Figure A 6: Turbidity model plots for 20 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals as a 
function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed values. 

 

Table A 7: ANOVA table for solid content for 5 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 46.1684 1 46.1684 47.1053 0.0024 significant 

    Mg (Q: quadratic) 5.2824 1 5.2824 5.3896 0.0810 significant 

2) g (L) 11.7178 1 11.7178 11.9556 0.0259 significant 

    g (Q) 0.6547 1 0.6547 0.6679 0.4597  

1L by 2L 5.6796 1 5.6796 5.7948 0.0738 significant 

Error 3.9204 4 0.9801    

Total SS 70.7242 9     

 

A  B  

C  D 
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Figure A 7: Solid content model plots for 5 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals as 
a function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed values. 

 

Table A 8: ANOVA table for solid content for 10 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 66.2256 1 66.2256 286.1520 0.00007 significant 

    Mg (Q: quadratic) 1.5770 1 1.5770 6.8141 0.0594 significant 

2) g (L) 18.2054 1 18.2054 78.6630 0.0009 significant 

    g (Q) 0.1889 1 0.1889 0.8163 0.4173  

1L by 2L 3.8941 1 3.8941 16.8257 0.0148 significant 

Error 0.9257 4 0.2314    

Total SS 88.5250 9     

D 

B  

C  D  

A  
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Figure A 8: Solid content model plots for 10 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals 
as a function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed 
values. 

 

Table A 9: ANOVA table for solid content for 20 wt.% MFT. 

Source of Variation Sum of   
Squares 

Degrees of 
Freedom 

Mean  
Squares F P Comments 

1) Mg (L: linear) 80.2160 1 80.2160 83.6080 0.0008 significant 

    Mg (Q: quadratic) 0.8865 1 0.8865 0.9240 0.3909  

2) g (L) 0.3978 1 0.3978 0.4146 0.5547  

    g (Q) 1.6578 1 1.6578 1.7279 0.2590 significant 

1L by 2L 4.1415 1 4.1415 4.3167 0.1063 significant 

Error 3.8377 4 0.9594    

Total SS 89.9431 9     

A  B  

C  D 
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Figure A 9: Solid content model plots for 20 wt.% MFT: a) normal plot, b) scatterplot of the standardized residuals 
as a function of the standardized predicted values, c) residuals versus run number, d) predicted versus observed 
values. 

 

A  B  

C  D 


