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Abstract 

This thesis explores the feasibility of using a novel degradable cationic flocculant, 

poly(PLA4ChMA), for enhanced dewatering of mature fine tailings (MFT). Previous research 

indicated that this material provided improved flocculation of 5.0 wt.% MFT diluted in deionized 

water compared to commercial anionic polymers, with continued dewatering of the sediment 

occurring as the polymer undergoes partial hydrolytic degradation. However, the elevated 

dosages (10,000 ppm) required would make the polymer costly to implement on an industrial 

scale. With this motivation, the impact of MFT composition and the use of process water is 

explored while comparing the settling performance of poly(PLA4ChMA) to commercially 

available alternatives such as anionic FLOPAM A3338. While consolidation of 5.0 wt.% MFT 

diluted with process water could be achieved using 500 ppm poly(PLA4ChMA), the final 

compaction levels after polymer degradation were similar to those achieved with the non-

degradable FLOPAM A3338. Furthermore, the initial (24 h) compaction and clarity were better 

with FLOPAM A3338, which also provided faster settling rates (5-8 m/h) than those observed 

with poly(PLA4ChMA) at 10,000 ppm (<0.4 m/h). Attempts to increase poly(PLA4ChMA) 

molecular weight did not offer improvements in the settling properties at comparable dosages to 

those used with FLOPAM A3338. A series of flocculation-filtration experiments were also 

conducted to compare the performance of the polymers with undiluted MFT. While faster rates 

of water release were observed with cationic flocculants compared to FLOPAM A3338, no 

improvement in overall compaction of the tailings was measured with poly(PLA4ChMA), either 

before or after degradation. Slower rates of water release were measured with poly(PLA4ChMA) 

following degradation, indicating that the cleavage of the cationic functionality from the polymer 

during degradation has a negative impact on its performance. Thus, the improved dewatering 
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observed with poly(PLA4ChMA) in dilute MFT suspensions does not extend to conditions that 

would be encountered in the field.  



iv 

Co-Authorship 

Much of the work completed in this thesis was done at Queen’s University under the supervision 

of Dr. Robin Hutchinson. Macromonomer and polymer were synthesized using procedures 

developed by Dr. Thomas Rooney, Georges Younes and Dr. Ikenna Ezenwajiaku. Experiments 

reported in Chapters 4 and 5 were completed using flocculation procedures based upon those 

previously used in earlier studies with degradable polymers, using modifications suggested by 

collaborators at the Northern Alberta Institute of Technology (NAIT). Analysis and 

characterization of MFT samples used in this work was conducted by an external lab, Maxxam 

Analytics. Flocculation-filtration work described in Chapter 6 was completed at NAIT’s 

flocculation facility, thanks to the generous support and guidance of Dr. Heather Kaminsky. 

Procedures used in Chapter 6 were developed by flocculation experts at NAIT and implemented 

with the assistance of Yuki Gong.  

 



v 

Acknowledgements 

Firstly, I would like to express my deepest gratitude to Dr. Robin Hutchinson, who has afforded 

me with so many opportunities. Being a member of Dr. Hutchinson’s research group has allowed 

me to collaborate with excellent students at Queen’s, attend workshops and conferences in 

Edmonton and Halifax, and work with industry professionals at NAIT. The research I completed 

at Queen’s represents a continuation of multiple projects, which required I learn elaborate 

procedures to synthesize, polymerize and characterize the novel polymer described in this thesis. 

I would like to thank Georges Younes, for his help in teaching me the macromonomer synthesis 

and flocculation procedures, and Dr. Ikenna Ezenwajiaku for extending his polymerization 

expertise during this project. Other members of the Queen’s community offered a great deal of 

assistance during my studies, including Amanda Brissenden for her help in freeze drying my 

samples and Dr. Ying Zhang, for his continued support in maintaining and operating the 

chromatographs in the department and his knowledge in interpreting the GPC measurements 

collected in this work. I am also very grateful to the industry professionals who also offered 

resources and guidance which made this work possible. Experiments conducted with industrial 

process water samples were made possible by Cynthia Cote at Canadian Natural Resources 

Limited (CNRL). Thanks to the support and guidance of Dr. Heather Kaminsky, the research 

described in Chapter 6 was completed at NAIT’s flocculation facility, which allowed me to 

perform new types of experiments and work with industry professional. I am very appreciative of 

the time and effort that Dr. Kaminsky and Yuki Gong invested in teaching me the various 

procedures learned at NAIT. Finally, I am forever grateful to my parents, godmother, 

grandmother and partner for their endless support in all matters of life.  



vi 

Table of Contents 

Abstract ..................................................................................................................................... ii 

Co-Authorship .......................................................................................................................... iv 
Acknowledgements .....................................................................................................................v 

Table of Contents ...................................................................................................................... vi 
List of Figures ......................................................................................................................... viii 

List of Tables ........................................................................................................................... xii 
List of Abbreviations................................................................................................................. xv 

Chapter 1 Introduction ................................................................................................................1 
Chapter 2 Literature Review........................................................................................................4 

2.1 Colloidal behaviour and stability of mature fine tailings in aqueous suspensions ................4 
2.2 Mechanisms of flocculation ...............................................................................................6 

2.3 Polymeric flocculating agents for MFT thickening .............................................................8 
2.4 Micellar radical polymerization ....................................................................................... 17 

2.5 Summary ......................................................................................................................... 20 
Chapter 3 Materials and Methods .............................................................................................. 22 

3.1 List of chemicals .............................................................................................................. 22 
3.2 Synthesis of poly(PLA4ChMA) ........................................................................................ 22 

3.2.1 Ring Opening Reaction ............................................................................................. 23 
3.2.2 Methacrylate addition ................................................................................................ 23 

3.2.3 Methylation ............................................................................................................... 24 
3.2.4 Polymerization .......................................................................................................... 24 

3.2.5 Preparation and characterization of flocculant solutions ............................................. 25 
3.3 Preparation of 5.0 wt.% MFT ........................................................................................... 25 

3.4 Flocculation procedure ..................................................................................................... 26 
3.4.1 Flocculant addition .................................................................................................... 26 

3.4.2 Measuring the solids compaction and supernatant clarity ........................................... 27 
3.4.3 Thermal degradation of flocculated MFT................................................................... 28 

3.4.4 Capillary suction time (CST) ..................................................................................... 28 
3.4.5 Specific resistance to filtration (SRF) ........................................................................ 29 

Chapter 4 Flocculation of dilute MFT suspensions with novel and commercial flocculants ....... 30 
4.1 Introduction ..................................................................................................................... 30 

4.2 Results and discussion ..................................................................................................... 32 
4.2.1 Solution properties of poly(PLA4ChMA) ................................................................... 32 
4.2.2 Dosage response of poly(PLA4ChMA) in dilute MFT suspensions ............................ 34 

4.2.3 Comparison of flocculation performance to commercial flocculants .......................... 41 
4.3 Conclusions ..................................................................................................................... 44 

Chapter 5 Modification of poly(PLA4ChMA) molecular weight and structure and its influence on 

flocculation performance of dilute MFT suspensions ................................................................. 45 

5.1 Introduction ..................................................................................................................... 45 
5.2 Experimental ................................................................................................................... 49 

5.2.1 Materials ................................................................................................................... 49 
5.2.2 Eluent preparation ..................................................................................................... 49 

5.2.3 Gel permeation chromatography measurements ......................................................... 49 
5.3 Results and Discussion .................................................................................................... 50 



vii 

5.3.1 Characterization of poly(PLA4ChMA) molecular weights and viscosities .................. 50 
5.3.2 Flocculations using sequential dosing with FLOPAM A3338 and poly(PLA4ChMA) 60 

5.3.3 Flocculations using industrial process water .............................................................. 61 
5.4 Conclusions ..................................................................................................................... 63 

Chapter 6 Flocculation and filtration with undiluted MFT ......................................................... 65 
6.1 Introduction ..................................................................................................................... 65 

6.2 Experimental ................................................................................................................... 67 
6.2.1 Flocculant preparation ............................................................................................... 67 

6.2.2 Flocculation of undiluted MFT .................................................................................. 67 
6.2.3 Capillary suction time (CST) measurements of undiluted MFT.................................. 67 

6.2.4 Net water release of flocculated tailings..................................................................... 67 
6.2.5 Specific resistance to filtration (SRF) ........................................................................ 68 

6.3 Results and Discussion .................................................................................................... 69 
6.3.1 Optimization of flocculant dosage ............................................................................. 69 

6.3.2 Net water release of undiluted MFT following flocculation and filtration .................. 71 
6.4 Conclusions ..................................................................................................................... 76 

Chapter 7 Conclusions and Recommendations .......................................................................... 78 
7.1 Conclusions ..................................................................................................................... 78 

7.2 Recommendations............................................................................................................ 81 
References ................................................................................................................................ 82 

Appendix A -Supporting information for Chapter 3 ................................................................... 87 
Appendix B -Characterization of MFT and process water.......................................................... 95 

Appendix C -Supporting information for Chapter 4 ................................................................... 97 
Appendix D -Supporting information for Chapter 5 ................................................................... 99 

Appendix E -Supporting information for Chapter 6 ................................................................. 104 
 

  



viii 

List of Figures 

Figure 2.1: Comparison of (a) coagulation to reduce particle-particle repulsive forces and (b) 

flocculation to increase effective particle diameter through bridging [1] (reprinted from 

Handbook on Theory and Practice of Bitumen Recovery from Athabasca Oil Sands Volume I: 

Theoretical Basis) .......................................................................................................................6 

Figure 2.2: Illustration of the bridging mechanism by which polymer chains adsorb to particle 

surfaces to induce flocculation [11] (reprinted from Coagulation and Flocculation in Water and 

Wastewater Treatment) ...............................................................................................................7 

Figure 2.3: Structures of various poly(acrylamide) (PAM) flocculants. Top-left: nonionic PAM; 

top-right: cationic PAM; bottom: anionic PAM [3] (reprinted from the Canadian Journal of 

Chemical Engineering) ................................................................................................................8 

Figure 2.4: Comparison of the settling over time of a 5.0 wt.% MFT slurry after treatment with 

50 ppm Al-PAM or 10 ppm MF [7], [29] (reprinted from Handbook on Theory and Practice of 

Bitumen Recovery from Athabasca Oil Sands Volume I: Theoretical Basis) ............................. 10 

Figure 2.5: Structures of macromonomers used to produce polymer flocculants of interest for 

MFT treatment [14] (reprinted from Industrial and Engineering Chemistry Research) ............... 12 

Figure 2.6: Free radical polymerization of PLA4ChMA in water, where m represents the number 

of repeat units in the resulting poly(PLA4ChMA) structure [16] (reprinted from Polymer 

Degradation and Stability) ......................................................................................................... 12 

Figure 2.7: Proposed degradation mechanism of poly(PLA4ChMA) at 50℃ in water [16] 

(reprinted from Polymer Degradation and Stability) .................................................................. 14 

Figure 2.8: Photographs illustrating the decreasing sediment volume of 2.0 wt.% MFT in 

deionized water flocculated with 10,000 ppm of (▲) poly(PLA4ChMA), (●) poly(PCL2ChMA) 

and (□) poly(TMAEMC) [14] (reprinted from Industrial and Engineering Chemistry Research) 15 

Figure 2.9: Comparison of sediment volume of 2.0 wt.% MFT in deionized water flocculated 

with 10,000 ppm of (▲) poly(PLA4ChMA), (●) poly(CL2ChMA) and (□) poly(TMAEMC) [14] 

(reprinted from Industrial and Engineering Chemistry Research)............................................... 16 

Figure 2.10: FRP mechanism [49] ............................................................................................. 18 

Figure 3.1: Mechanism to synthesize poly(PLA4ChMA) [15] .................................................... 23 

Figure 4.1: Viscosity profile of FLOPAM A3338 at various solution concentrations ................. 34 



ix 

Figure 4.2: Comparison of continued settling during accelerated degradation (top) and 

compactions before and after degradation (bottom) of 5.0 wt.% MFT from flocculation in 

deionized water using 10,000 ppm of poly(PLA4ChMA) (added as a 2.00 wt.% dispersion) and 

10,000 ppm of poly(TMAEMC) (added as a 2.00 wt.% solution) .............................................. 35 

Figure 4.3: 5.0 wt.% MFT 24 hours after treatment in deionized water with (a) 500 ppm 

FLOPAM A3338 (left) and 500 ppm SNF C3276 (right) and (b) with 10,000 ppm FLOPAM 

A3338 (added as a powder) ....................................................................................................... 36 

Figure 4.4: Comparison of compactions of 5.0 wt.% MFT in synthetic process water after 

treatment with poly(PLA4ChMA) at various dosages using three different sources of MFT ....... 38 

Figure 4.5: Comparison of compactions (left) and supernatant clarities (right) of 5.0 wt.% MFT 

(source 1) in synthetic process water after treatment with various flocculants at 500 ppm.......... 42 

Figure 4.6: Comparison of the compactions of 5.0 wt.% MFT after treatment with FLOPAM 

A3338 at 500 ppm in (left) synthetic process water (mudline at 17 mL), (middle) Na+ only 

process water (17 mL) and (right) deionized water .................................................................... 43 

Figure 5.1: Comparison of initial settling rates using PCL2ChMA and TMAEMC-based 

polymers and copolymers with 5.0 wt.% MFT in deionized water at varying dosages [13] 

(reprinted from Applied Materials and Interfaces) ..................................................................... 47 

Figure 5.2: Comparison of 2.00 wt. % solutions of poly(PLA4ChMA), synthesized at 70 ℃ with 

10 wt.% macromonomer in aqueous solution: (left) before dialysis (right) after dialysis ............ 51 

Figure 5.3: Clogging of a capillary viscometer by a 2.00 wt.% poly(PLA4ChMA) dispersion 

prepared after dialysis of polymer synthesized at 70 ℃ and 10 wt.% macromonomer ............... 52 

Figure 5.4: (Top) Normalized RI response over time; (bottom) molecular mass distribution of 1 

mg/mL solutions of poly(PLA4ChMA) synthesized from 10 wt.% macromonomer in aqueous 

solution with 0.22 wt.% V-50 .................................................................................................... 53 

Figure 5.5: Normalized RI response over time of poly(PLA4ChMA) samples polymerized at 

50℃ with 10 wt.% macromonomer in aqueous solution with 0.22 wt.% V-50 ........................... 55 

Figure 5.6: poly(PLA4ChMA) synthesized at 20 wt.% and 70 ℃ after synthesis (left); (right) as a 

2.00 wt.% solution in synthetic process water ............................................................................ 56 

Figure 5.7: Comparison of compactions using 5.0 wt.% MFT (source 2) in process water after 

flocculation at 500 ppm with poly(PLA4ChMA) synthesized at various temperatures ................ 57 



x 

Figure 5.8: Summary of solid compactions (left) and supernatant clarities (right) of 5.0 wt. % 

MFT (source 2) in synthetic process water after treatment with 500 ppm 

poly(PLA4ChMA)/poly(acrylamide) copolymers, PAM homopolymer standard and commercial 

flocculants (prepared as a 0.02 wt.% solutions) ......................................................................... 59 

Figure 5.9: Summary of solids compactions and supernatant clarities of 5.0 wt. % MFT (source 

2) in synthetic process water after treatment with 500 ppm FLOPAM A3338 (as a 0.02 wt.% 

solution) and 500 ppm poly(PLA4ChMA) (as a 2.00 wt.% dispersion) ...................................... 61 

Figure 5.10: Comparison of solid compactions (top) and supernatant clarities (bottom) of 5.0 wt. 

% MFT in synthetic and industrial (sample) process water after treatment with 500 ppm 

FLOPAM A3338 (as a 0.02 wt. % solution) .............................................................................. 62 

Figure 6.1: Capillary suction time measurement of MFT flocs after treatment with 

poly(TMAEMC) (left) and poly(PLA4ChMA) (right) at varying dosages .................................. 70 

Figure 6.2: Capillary suction time measurement of MFT flocs after treatment with FLOPAM 

A3338 at varying dosages (used with permission of NAIT researchers) ..................................... 70 

Figure 6.3: Net water release over time during filtration following flocculation with FLOPAM 

(1500ppm), poly(TMAEMC) (10,000ppm) and poly(PLA4ChMA) (20,000ppm) ...................... 72 

Figure 6.4: Comparison of water release of flocculated tailings after degradation at 75℃ for 5 

days between poly(PLA4ChMA) (left) and poly(TMAEMC) (right) .......................................... 74 

Figure 6.5: Net water release over time during filtration following flocculation and degradation 

at 75℃ for 5 days with poly(TMAEMC) and poly(PLA4ChMA) .............................................. 75 

Figure 6.6: Comparison of water released following filtration after treatment with 

poly(PLA4ChMA) (left) and poly(TMAEMC) (right) ................................................................ 76 

 

Figure A1: NMR of synthesized PLA4De in CDCl3 (top) compared to standard synthesized in 

previous work (bottom) [14]...................................................................................................... 87 

Figure A2: NMR of synthesized PLA4DeMA in CDCl3 (top) compared to standard synthesized in 

previous work (bottom) [14]...................................................................................................... 88 

Figure A3: NMR of synthesized PLA4ChMA in CDCl3 (top) compared to standard synthesized in 

previous work (bottom) [14]...................................................................................................... 89 

Figure A4: Normalized mudline of 5.0 wt.% MFT in process water flocculated with 500 ppm 

FLOPAM in 100 mL cylinder ................................................................................................... 92 



xi 

Figure A5: Linear section of normalized mudline of 5.0 wt.% MFT in process water flocculated 

with 500 ppm FLOPAM in 100 mL cylinder ............................................................................. 92 

 

Figure D1:Comparison of NMR spectra of poly(PLA4ChMA) in D2O after 8 hours in 0.22 wt.% 

V-50 synthesized at : (top) 10%, 70℃; (center) 20%, 70℃; (bottom) 10%, 50℃ ...................... 99 

Figure D2: poly(PLA4ChMA) NMR spectra in D20 after 2 hours of reaction in 0.22 wt.% V-50 

initiator at 50℃ ......................................................................................................................... 99 

Figure D3: poly(PLA4ChMA) NMR spectra in D2O after 4 hours of reaction in 0.22 wt.% V-50 

initiator at 50℃ ....................................................................................................................... 100 

Figure D4: poly(PLA4ChMA) NMR spectra in D2O after 0.5 hours of reaction in 0.22 wt.% V-50 

initiator at 70℃ ....................................................................................................................... 100 

 

  



xii 

List of Tables 

Table 3-1: Sample of assayed MFT in process water after dilution ............................................ 26 

Table 4-1: Kinematic viscosities of FLOPAM A3338, SNF C3276 and poly(PLA4ChMA) in 

water at 22 ℃ ........................................................................................................................... 33 

Table 5-1: Molecular weight measurements of poly(PLA4ChMA), synthesized using a 10 wt.% 

monomer loading, at various reaction temperatures relative to a pullulan calibration ................. 53 

Table 6-1: Summary of resistance to filtration testing (each test completed in triplicate) ........... 69 

Table 6-2: Summary of net water releases and cake compactions from filtration experiments .... 73 

 

Table A1: Comparison of the resultant MFT solids compaction in 100 and 250 mL cylinders 

before and after thermal degradation using PLA4ChA ............................................................... 90 

Table A2: Comparison of the resultant MFT solids compaction in 100 and 250 mL cylinders 

before and after thermal degradation using PLA4ChMA ............................................................ 90 

Table A3: Comparison of supernatant clarities after 24 hours at 1000 ppm using 2.00 wt.% 

poly(PLA4ChMA) in 5.00 wt.% MFT in process water ............................................................. 90 

Table A4: Initial settling rate data from flocculated 5.0 wt.% MFT in process water using 500 

ppm FLOPAM A3338 in 100 mL cylinder ................................................................................ 91 

Table A5: Initial settling rate data from flocculated 5.00 wt.% MFT in process water using 

10,000 ppm poly(PLA4ChMA) in 100 mL cylinder (replicate 1) ............................................... 93 

Table A6: Initial settling rate data from flocculated 5.00 wt.% MFT in process water using 

10,000 ppm poly(PLA4ChMA) in 100 mL cylinder (replicate 2) ............................................... 94 

Table A7: Initial settling rate data from flocculated 5.00 wt.% MFT in process water using 

10,000 ppm poly(PLA4ChMA) in 100 mL cylinder (replicate 3) ............................................... 94 

 

Table B1: Characterization of MFT sources .............................................................................. 95 

Table B2: Analysis of process water samples provided by CNRL .............................................. 96 

 

Table C1: Evaluation of the statistical significance of poly(PLA4ChMA) dosage on compaction 

of 5.0 wt.% MFT in process water using a two-tailed t-test at a confidence level of 95% ........... 97 



xiii 

Table C2: Evaluation of the statistical significance of compactions of 5.0 wt.% MFT in process 

water with poly(PLA4ChMA), FLOPAM A3338 and SNF C3276 at 500 ppm using a two-tailed 

t-test at a confidence level of 95% ............................................................................................. 97 

Table C3: Comparison of settling of 5.0 wt. % MFT tailings (source 1) treated using 500 ppm of 

poly(PLA4ChMA) (prepared as a 2.00 wt. % dispersion) and FLOPAM anionic and SNF cationic 

flocculants (prepared as 0.02 wt.% solutions) ............................................................................ 97 

Table C4: Summary of solid compactions and supernatant solids of 5.0 wt.% MFT (source 2) in 

process water after treatment with poly(PLA4ChMA) (as a 2.00 wt.% dispersion) at various 

dosages ..................................................................................................................................... 98 

Table C5: Summary of solid compactions and supernatant solids of 5.0 wt.% MFT (source 3) in 

process water after treatment with poly(PLA4ChMA) (as a 2.00 wt.% dispersion) at various 

dosages ..................................................................................................................................... 98 

 

Table D1: Settling rate of 5.0 wt.% MFT (source 2) after treatment with 0.02 wt.% FLOPAM 

A3338 at 500ppm (replicate 1) ................................................................................................ 101 

Table D2: Settling rate of 5.0 wt.% MFT (source 2) after treatment with 0.02 wt.% FLOPAM 

A3338 at 500ppm (replicate 2) ................................................................................................ 101 

Table D3: Evaluation of the statistical significance of poly(PLA4ChMA) dosage on compaction 

of 5.0 wt.% MFT in process water using a two-tailed t-test at a confidence level of 95% ......... 102 

Table D4: Summary of mudlines and solids compactions of 5.0 wt. % MFT in process water 

after treatment with 500 ppm with poly(PLA4ChMA) (prepared as a 2.00 wt.% dispersion), 

synthesized at 50℃ and 70℃ (10 wt.% monomer loading; 0.22 wt.% V-50) ........................... 103 

Table D5: Summary of mudlines and solids compactions of 5.0 wt. % MFT in process water 

after treatment with 500 ppm poly(acrylamide)/poly(PLA4ChMA) copolymers (mol.%) and 

PAM homopolymers (prepared as a 0.02 wt.% dispersion) ...................................................... 103 

Table D6: Summary of mudlines and solids compactions of 5.00 wt. % MFT in process water 

after sequential dosing with 500 ppm FLOPAM/500 ppm poly(PLA4ChMA).......................... 103 

 

Table E1: The average results of FFT characterization from D&S, MBI, and PSD (used with 

permission of NAIT researchers) ............................................................................................. 104 

Table E2: Water chemistry results of FFT (used with permission of NAIT researchers) .......... 104 

Table E3: CST measurements for flocculations with poly(PLA4ChMA) in undiluted MFT ..... 105 



xiv 

Table E4: CST measurements for flocculations with poly(TMAEMC) in undiluted MFT ........ 105 

Table E5: CST measurements for flocculations with FLOPAM A3338 in undiluted MFT (used 

with permission of NAIT researchers) ..................................................................................... 105 

 



xv 

List of Abbreviations 

AM    Acrylamide  

BOD5    Biochemical oxygen demand  

CL   Caprolactone 

CMC    Critical micelle concentration 

COD    Chemical oxygen demand  

CST    Capillary suction time 

CT    Consolidated tailings 

EDL    Electric double layer 

FRP   Free radical polymerization  

GPC    Gel permeation chromatography 

HBfPE  Hyperbranched functionalized polyethylene 

ISR    Initial settling rate  

LA    Lactide  

MACl   Methacryloyl chloride  

MF    Magnafloc  

MFT   Mature fine tailings 

MRP   Micellar radical polymerization 

MW   Molecular weight 

OMW    Olive mill wastewater  

OSCA   Oil Sands Conservation Act  

PAM   Poly(acrylamide) 

PAM-PPO  poly(acrylamide)-polypropylene 

PDADMAC  Poly(diallyldimethyl ammonium chloride) 

PEO    Poly(ethylene oxide)  

PLA   Poly(lactide) 

PCL2ChA  Polycaprolactone choline iodide ester acrylate 

PCL2ChMA  Polycaprolactone choline iodide ester methacrylate 

PLA4ChA  Polylactide choline iodide ester acrylate 

PLA4ChMA  Polylactide choline iodide ester methacrylate 

SRF   Specific resistance to filtration 

TEA   Triethylamine 

THF   Tetrahydrofuran 

TMAEMC   Trimethylaminoethyl methacrylate chloride  

TSS    Total suspended solids  

V-50   2,2-azobis(2-methylpropionamidine) dihydrochloride 

 



1 

Chapter 1 

Introduction 

Oil extraction facilities recover bitumen from raw tailings but also generate tailings sludge. The 

finer particles from the sludge form a stable suspension composed of ~30% solids in water, 

known as mature fine tailings (MFT) [1], [2]. The environmental impact of MFT is growing, as 

the water captured in the tailings cannot be effectively separated without chemical treatment [1], 

[3]. As of 2015, an area of over 180 km2 was occupied by settling ponds containing MFT in 

Alberta’s Athabasca region [4]. Improved technologies are required to manage the tailings 

volume, with the goal of reducing its environmental impact and to comply with Alberta’s 

provincial mandates requiring that the water and tailings contained in MFT be reclaimable a 

decade after the end of mine life, as detailed in Directive 85 of the Oil Sands Conservation Act 

(OSCA) [5], [6].  

The stability of MFT is attributed to their ultrafine particle sizes (< 44 µm) and strong negative 

surface charges [1], [3]. The latter, arising from the clays contained in the tailings, causes the 

particles to repel each other to form a dispersed and extremely stable colloidal suspension [1], 

[7]. Furthermore, the tailings coagulate to form gel-like suspensions with high viscosity, which 

further stabilizes the suspended particles in solution [1], [8]. Over the past 20 years [9], [10], 

numerous approaches have been studied to recover the water and consolidate the MFT by 

increasing the particle sizes of the tailings to accelerate their settling velocity, either through 

coagulation or flocculation [11], [12], [13]. Coagulation involves the use of a charged molecule 

to reduce the electrostatic repulsion between the suspended particles, thereby facilitating settling 

[11], [14]. In contrast, flocculation accelerates the settling rate of suspended particles through the 
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addition of a polymer which bridges the particles together to form aggregates [1], [3], [11]. 

Flocculation has emerged as the preferred treatment strategy in many applications, since 

flocculants can be functionalized by adding a surface charge to the polymer backbone or side 

units, with the added benefit of particle bridging [3]. However, existing polymeric flocculants 

used in related fields, such as wastewater treatment, have failed to effectively dewater the 

tailings, due to their hydrophilicity and inability to flocculate the fine particles contained in MFT 

[1], [3]. To improve the densification of MFT over extended periods, our group has developed 

cationic partially degradable hydrophobic caprolactone and lactide-based polymers [13], [14], 

[15]. These polymers improve the dewatering from the tailings through partial hydrolytic 

cleavage of the ester group contained in the polymer, which results in increased hydrophobicity 

with time [14], [15], [16]. Degradable cationic polymers show tremendous promise for this 

application but require further development before being implemented for industrial applications. 

This thesis is a continuation of existing work investigating the feasibility of poly(PLA4ChMA) as 

a flocculant for enhanced dewatering of MFT. The goals of this thesis are to explore the 

importance of different process properties, such as MFT solids concentration and process water 

composition, while comparing the performance of poly(PLA4ChMA) to existing commercial 

flocculants. After briefly reviewing relevant flocculation principles (Chapter 2) and providing a 

description of experimental techniques (Chapter 3), the flocculation performance of 

poly(PLA4ChMA) in 5.0 wt.% MFT at various dosages is compared to anionic and cationic 

commercial flocculants using both deionized and synthetic process water in Chapter 4. Chapter 5 

explores methods to improve the flocculation performance of poly(PLA4ChMA) by modifying 

its molecular weight (controlled by synthesis conditions) and charge density (controlled through 

copolymerization), as these properties are intrinsically linked to its flocculation performance. 
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Finally, the effectiveness of poly(PLA4ChMA), and its non-degradable analog poly(TMAEMC), 

in treating undiluted MFT is investigated in Chapter 6, as these conditions more closely resemble 

those used in settling ponds. The experiments described in Chapter 6 were conducted under the 

guidance and with the collaboration of Dr. Heather Kaminsky at NAIT’s facility in Edmonton 

using a two-step flocculation-filtration approach they have developed to mimic the long term 

settling of undiluted MFT treated by flocculants in a compressed time frame. Flocculation-

filtration techniques were used in conjunction with the accelerated degradation methods 

developed in previous work, and implemented in earlier chapters of the thesis, to further assess 

the potential benefits of the degradable flocculant in dewatering undiluted MFT.  
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Chapter 2 

Literature Review 

2.1 Colloidal behaviour and stability of mature fine tailings in aqueous suspensions  

Bitumen is extracted from raw tailings using elevated temperature and pH to form a dispersed 

clay slurry, which facilitates bitumen flotation and separation [17]. However, the resultant 

tailings are too stable to effectively separate due to a combination of factors, including surface 

charge, particle size, solution pH, residual bitumen, as well as the high clay content [1], [4], [18]. 

DLVO (Derjaguin, Landau, Verwey, and Overbeek) theory provides a fundamental description 

of the solution properties of MFT and some of the reasons for its stability, since the charged clay 

particles interact through van der Waals and electrostatic forces to form an electric double layer 

(EDL) in aqueous solution [1]. The EDL consists of the negative surface charge of the particle, 

the Stern layer, and the adjacent positively charged water molecules of the solution, known as 

the dispersed layer [1]. MFT exhibit stable solution properties since the strong negative repulsion 

between the particles outweighs the van der Waals attractive forces, resulting in a dispersed 

colloidal suspension which does not settle without additional chemical or physical separation 

techniques [1], [7]. The use of dispersant agents in upstream processes, such as caustic additives, 

further stabilizes the particles in suspension by making the surface charge of the particles more 

negative, resulting in improved suspension stability [1], [19]. Although DLVO provides some 

information about the factors influencing the stability of MFT, it does not account for all factors 

contributing to the tendency of MFT to retain water [4], [18] [20], [21], [22]. The presence of 

organics and the anisotropic charge distribution of clays contained in MFT prevent DLVO from 

accurately predicting the behaviour of these complex clay systems since hydration and 

hydrophobic effects also contribute to its stability [4], [18], [20], [21].  
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The thermodynamic objective of chemical separation techniques is to contract the size of the 

MFT electric double layer, such that the particles can aggregate and settle from solution [1]. The 

stability of MFT suspensions is also impacted by the gelation of ultrafine particles contained in 

the tailings [1], [8], which increases the suspension viscosity and decreases the settling speed of 

the particles. The terminal settling velocity of spherical particles in a slurry is described by the 

Stokes equation, shown in Eq.1 [7], which is inversely related to the slurry viscosity, 𝜇: 

 𝑣∞ =
(𝜌𝑠 − 𝜌𝑙)𝑑

2𝑔

18𝜇
 (1) 

with 𝜌𝑠 and 𝜌𝑙 representing the solids and liquid densities, 𝑑 the particle diameter, and g the 

gravitational constant. Improved estimates of terminal velocity of settling particles incorporate 

functions into the Stokes equation that are inversely proportional to the Reynolds number (Re) of 

the particle, resulting in significant reductions in the theoretical terminal settling of the particles 

in MFT suspensions. In addition to the influence of viscosity, the small particle sizes also 

contribute significantly to the slow settling speed of the tailings. Recent efforts to increase the 

settling speed of the slurries have gravitated towards increasing the particle size in the 

suspension, through coagulation or flocculation [1], [3], [7], [11], [12], [14].  

Coagulation is the chemical treatment of a solution to depress the repulsive electrostatic forces 

by reducing the size of the electrical double layer of the particles to improve the tendency of the 

particles to aggregate [1], [11]. In practice, cationic salts such as gypsum and ferric chloride are 

often implemented as coagulants, as the cations induce coagulation of the fines in suspension by 

reducing the effective electrostatic repulsion between the particles to promote the formation of 

aggregates [12]. Coagulants, such as alum and ferric chloride [3], [23], [24], are not preferred for 
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the treatment of MFT, since they have been found to offer limited compaction of MFT at 

elevated dosages and result in elevated concentrations of divalent ions in the recovered water 

which reduce the effectiveness of secondary bitumen extraction when recycled [4], [12]. In 

contrast, flocculation employs the use of a polymer to bridge the particles to form aggregates, 

which settle more rapidly than the individual particles, shown in Figure 2.1 [1], [11], [25]. 

Additionally, flocculation is the preferred method of treating MFT suspensions since settling can 

occur by multiple mechanisms, allowing the properties of the flocculant to be tailored to the 

particles of interest to improve the rate of consolidation of the tailings.  

 

Figure 2.1: Comparison of (a) coagulation to reduce particle-particle repulsive forces and (b) flocculation 

to increase effective particle diameter through bridging [1] (reprinted from Handbook on Theory and 

Practice of Bitumen Recovery from Athabasca Oil Sands Volume I: Theoretical Basis) 

 

2.2 Mechanisms of flocculation  

The addition of a flocculating agent destabilizes suspended particles in a suspension to promote 

aggregation of the particles through multiple mechanisms [1], [11]. The primary mechanism is 

bridging, which occurs through the adsorption of  high molecular weight polymer chains along 

particle surfaces to promote particle-particle collisions and aggregation to form flocs that settle 

more easily from solution, as illustrated in Figure 2.2 [11], [25]. Both polymer molecular weight 
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and charge density influence the effectiveness of flocculation [3], [4], [25]. High molecular 

weight polymers, usually exceeding a few million Daltons (Da) [7], have proven to result in 

enhanced particle bridging in related applications [11]. In addition, the electrostatic patch 

mechanism induces flocculation by screening the surface charge to reduce the magnitude of the 

repulsive forces between the suspended charged particles [1], [11]. Thus, this mechanism 

resembles coagulation, but can only occur when the polymeric flocculant possesses a permanent 

charge that is opposite to that of the particle [11]. For the purposes of MFT treatment, polymers 

with a cationic charge and high molecular weight are desirable, to both aggregate adjacent 

particles through bridging, and to screen the surface charges of the particles to improve the 

settling velocity and effectively dewater the tailings, a task that is especially challenging due to 

the elevated clay content and small particle size of MFT [3], [14].  

 

Figure 2.2: Illustration of the bridging mechanism by which polymer chains adsorb to particle surfaces to 

induce flocculation [11] (reprinted from Coagulation and Flocculation in Water and Wastewater 

Treatment) 
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2.3 Polymeric flocculating agents for MFT thickening  

Many flocculants have been used in MFT thickening applications with varying success, 

including poly(acrylamide) (PAM), poly(diallyldimethyl ammonium chloride) (PDADMAC), 

poly(ethylene oxide) (PEO) and poly(alkoxysilanes) [3], [9], [26], [27], [28]. PAM is a 

particularly versatile flocculating agent since it can be polymerized to very high molecular 

weight and be chemically modified to meet desired flocculation characteristics by 

copolymerizing it with other functional groups or modifying its charge, as shown in Figure 2.3 

[3]; the anionic form is a copolymer of acrylamide with sodium acrylate, while the cationic 

material is formed through copolymerization of AM with trimethylaminoethyl methacrylate 

chloride (TMAEMC).  

 

Figure 2.3: Structures of various poly(acrylamide) (PAM) flocculants. Top-left: nonionic PAM; top-right: 

cationic PAM; bottom: anionic PAM [3] (reprinted from the Canadian Journal of Chemical Engineering) 

These PAM-based flocculants are ubiquitous in many industries because they can be synthesized 

to high molecular weights, often exceeding 20 million Da, to enhance their ability to flocculate 

suspended particles [3]. However, nonionic PAM has been found to be less effective in 

flocculating the finer particles contained in the tailing suspensions [3], [14]. Despite this 
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shortcoming, many studies have found that modifying the polymer or water chemistry of the 

suspended tailings can result in significant improvements of the MFT consolidation with PAM 

flocculants [3], [9]. Hybrid inorganic-organic flocculants, which bind an inorganic coagulant like 

Al(OH)3, CaCl2 or FeCl2 to PAM, have shown advantages in flocculating fines contained in 

kaolinite tailings compared to commercial PAM by reducing the electrostatic repulsion between 

the tailing particles through charge neutralization [3], [24], [28]. Similarly, improvements in 

flocculation performance with anionic PAM have been achieved by increasing the concentration 

of sodium and calcium ions in a dilute 5.0% MFT slurry. Marked improvements in compaction, 

ranging from 13.0 wt.% to 24.6 wt.% after flocculation, as well as capillary suction time and 

supernatant turbidities, were measured at varying sodium and calcium dosages combined with 

anionic PAM [9]. Optimal solids compactions were achieved using sodium, calcium and anionic 

PAM dosages ranging from 400 to 800 ppm, 0 to 800 ppm and 1200 to 2000 ppm, respectively 

[9] (ppm refer to the parts-per-million polymer added on a mass basis relative to the solids 

content in the slurry, as commonly used by industry). These findings suggest that the use of 

modified PAM flocculants or copolymers may be made viable by modifying the water chemistry 

of MFT slurries, as synthetic process water formulations have benefited the flocculation 

performance of charged poly(acrylamides).  

While developments in PAM-based flocculants through modifications of polymer structure or 

charge are promising, the MFT aggregates formed during flocculations with all PAM flocculants 

(including charged versions) are susceptible to more water retention than less hydrophilic 

polymers, resulting in sediment that is less closely packed [3], [13], [15].  As a result, PAM-

based flocculants are effective at inducing initial settling of the tailings but further consolidation 

of the slurry is slow [7], [27]. Figure 2.4 illustrates typical settling profiles attainable with PAM-
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based flocculants in dilute 5.0 wt.% MFT, by comparing the settling rates of high molecular 

weight anionic polyacrylamide (17.5 MDa, 27% anionic character), or Magnafloc 1011 (MF), 

and an inorganic-organic Al(OH)3-polyacrylamide hybrid (Al-PAM) (2 MDa) [7], [29], [30]. 

Flocculant dosages reported in Figure 2.4 use the total suspension mass as the basis, whereas 

dosages are conventionally reported using the mass of solids in the suspension as the basis [30]. 

Thus, the dosages for Al-PAM and MF used in Figure 2.4 are 20 times lower than those reported 

in previous studies, and correspond to dosages of 1000 ppm and 200 ppm, respectively, on a 

mass solids basis for a 5.0 wt.% MFT suspension. At these dosages, both flocculants effectively 

accelerate the rate of settling compared to the untreated MFT, but only attain MFT compactions 

of approximately 15 wt.%, after which further densification of the slurry is slow [7], [29], [30]. 

 

Figure 2.4: Comparison of the settling over time of a 5.0 wt.% MFT slurry after treatment with 50 ppm Al-

PAM or 10 ppm MF [7], [29] (reprinted from Handbook on Theory and Practice of Bitumen Recovery 

from Athabasca Oil Sands Volume I: Theoretical Basis) 
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The findings from many existing MFT flocculation studies suggest that cationically charged and 

partially hydrophobic polymers could be useful in developing suitable flocculants for this 

application, such that enhanced compaction of the slurry will occur [13], [15], [27]. A 

comparison of neutral and cationically charged flocculating agents demonstrated that the 

electrostatic interactions between the cationic polyelectrolytes and the negatively charged MFT 

particles improve the flocculation by accelerating the initial settling rate (ISR) and improving the 

supernatant clarity [31]. Partially hydrophobic flocculants have been developed to improve the 

dewatering of the tailings by modifying various process parameters such as pH or temperature 

[13], [32], [33], [34], [35]. CO2 switchable flocculants have also been developed to modify the 

charge of the flocculant [36]. However, these treatments are energy intensive and impractical to 

implement on an industrial scale [13].  

A promising approach to developing hydrophobic flocculating agents involves the use of 

hydrolytically degradable cationic polymers, which become increasingly hydrophobic as they 

degrade in aqueous solution [15], [37], [38]. This has been achieved in previous research by 

incorporating hydrophobic polyester units, from a ring opening reaction with caprolactone or 

lactide [14], [37], [38], [39], [40], to a cationically charged acrylate or methacrylate 

macromonomer, with the structures of  polylactide (PLA) choline iodide ester acrylate 

(PLA4ChA) and methacrylate (PLA4ChMA), and polycaprolactone (PCL) choline iodide ester 

acrylate (PCL2CHA) and methacrylate (PCL2ChMA), shown in Figure 2.5. The flocculant 

material is then produced by the radical polymerization of the macromonomer, as shown in 

Figure 2.6, for the conversion of PLA4ChMA to poly(PLA4ChMA). The structure of the 

macromonomer, including the number and type of degradable polyester units, affects both the 

charge density of the polymer as well as the rate at which it hydrolytically degrades, while the 
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polymerization conditions influences the MW of the polymeric flocculant. Thus, various 

polymer properties that influence MFT flocculation performance can be modified.  

 

 

Figure 2.5: Structures of macromonomers used to produce polymer flocculants of interest for MFT 

treatment [14] (reprinted from Industrial and Engineering Chemistry Research) 

 

Figure 2.6: Free radical polymerization of PLA4ChMA in water, where m represents the number of repeat 

units in the resulting poly(PLA4ChMA) structure [16] (reprinted from Polymer Degradation and Stability) 

Both the LA and CL macromonomer structures possess a quaternary ammonium group which 

readily adsorbs the negatively charged clay particles in the tailings to form flocs, with the charge 

density and hydrophobicity of the resulting polymer dependent on the number of CL or LA units 

incorporated into the macromonomer [13]. The incorporation of the acrylate and methacrylate 

units along the CL and LA macromonomer backbones are also expected to have an impact on the 
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polymer properties, since these monomers have different reactivities which influence their 

polymerization properties. Acrylate radicals have lower stability (and hence higher reactivity) 

relative to methacrylate radicals, but are also prone to a backbiting side-reaction that reduces the 

overall reactivity of the system [41], [42], [43] which reduces the molecular weight of the 

polymer produced. For this reason, the methacrylate-based LA and CL macromonomers are 

expected to generate higher polymer molecular weights, which should also translate to better 

bridging.  

The use of either LA or CL units into the degradable polymer structure will also influence the 

rate of degradation and subsequent water release from compacted sediment following 

flocculation. In recent studies, the effectiveness of these polymers in removing water from MFT 

suspensions diluted in deionized water was evaluated and compared to PAM flocculants [13], 

[14], [15]. In addition, the flocculation performance of these macromonomers were compared to 

the non-degradable trimethylaminoethyl methacrylate chloride (TMAEMC) polymer, (c.f. Figure 

2.5), to determine the impact of the incorporation of the degradable LA and CL spacers on the 

settling properties of the flocculant [13], [14], [15]. These studies revealed that both the CL and 

LA-based macromonomers provide better long-term compaction than TMAEMC and nonionic 

PAM in dilute MFT slurries prepared in deionized water, and that the extent of dewatering of the 

tailings is improved by the increasing hydrophobic character afforded by the release of the 

ammonium (choline) functionality and the degradable caprolactone (CL) or lactide (LA) units 

contained in these polymers over time, as shown in Figure 2.7 for poly(PLA4ChMA) [14], [15], 

[16].  
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Figure 2.7: Proposed degradation mechanism of poly(PLA4ChMA) at 50℃ in water [16] (reprinted from 

Polymer Degradation and Stability) 

A comparison of MFT settling rates and sludge compaction in the presence of  CL and LA-based 

degradable polymers under accelerated degradation conditions indicates that the lactide polymer 

formulation leads to faster dewatering of MFT when treated with equal doses due to their higher 

rates of degradation [14]. This is demonstrated in Figure 2.8 and Figure 2.9, in which the 

decrease in the position of the mudline (i.e. the sediment volume) indicates the increasing 

compaction of the tailings. Using poly(PLA4ChMA) as a flocculant resulted in significantly 

faster rates of compaction and improved overall solids content of 19.5% after 5 days of 

accelerated degradation, compared to poly(PCL2ChMA) which required a longer degradation 

time and resulted in a less compacted sediment of 17.5% after 8 days [14]. In contrast, non-

degradable poly(TMAEMC) resulted in negligible enhancements in dewatering during 

degradation compared to the degradable CL and LA based cationic flocculants, only achieving 

compactions of 12.9% using the same accelerated degradation procedure. These findings are 

supported by a related degradation study which analyzed the degradation products of 

poly(PLA4ChMA) [16]. As expected, lactic acid and choline are released as degradation products 

from the partially degraded polymer, shown in Figure 2.7, which supports the observed 

enhancements in dewatering seen over time with the degradable cationic flocculants [14]. 

Similar MFT compactions were achieved with poly(PLA4ChMA) at room temperature over a 

period of 12 weeks compared to degradation conducted for 10 days at elevated temperature [14]; 
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thus, the accelerated test provides a convenient means to estimate the influence that polymer 

degradation would have on MFT consolidation over a period of weeks or months in the field. 

 

Figure 2.8: Photographs illustrating the decreasing sediment volume of 2.0 wt.% MFT in deionized water 

flocculated with 10,000 ppm of (▲) poly(PLA4ChMA), (●) poly(PCL2ChMA) and (□) poly(TMAEMC) [14] 

(reprinted from Industrial and Engineering Chemistry Research) 
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Figure 2.9: Comparison of sediment volume of 2.0 wt.% MFT in deionized water flocculated with 10,000 

ppm of (▲) poly(PLA4ChMA), (●) poly(CL2ChMA) and (□) poly(TMAEMC) [14] (reprinted from 

Industrial and Engineering Chemistry Research)  

Although these advances are promising, high flocculation dosages of 10,000 ppm are required to 

obtain better performance in treating dilute MFT while the target dosage for commercial 

flocculants is an order of magnitude lower [44]. In addition, the studies only considered 

flocculations in dilute MFT suspensions prepared with deionized water, rather than in process 

water. This difference is expected to have a significant impact on flocculant performance, as ions 

contained in process water enhance settling and improve supernatant clarity with nonionic and 

anionic PAM flocculants [9], [22], [45]. Previous research has demonstrated that the lactide-

based degradable methacrylate polymer, poly(PLA4ChMA), offers the best performance. 

Therefore, this study examines the effectiveness of poly(PLA4ChMA) at reduced dosages and 

evaluates the influence of other factors, such water composition and MFT concentration. In 

particular, the effectiveness of poly(PLA4ChMA) in treating undiluted MFT was evaluated, as 

the polymer’s ability to dewater MFT at higher weight fractions is critical in determining 

whether it can be implemented in industrial processes, which typically use more concentrated 
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MFT (approximately 30 wt.% in tailings ponds) [1], [2]. The impact of polymer molecular 

weight and charge density, controlled by altering the polymerization conditions or through 

copolymerization with AM, was also explored as these modifications may provide a route to 

reduce required dosages and/or improve the MFT settling characteristics.  

2.4 Micellar radical polymerization 

Polymer properties can be tuned by modifying their molecular weights or charge densities, with 

the end-goal of improving flocculation performance. The partially hydrophobic polymer of 

interest, poly(PLA4ChMA), is synthesized through micellar radical polymerization (MRP), as the 

macromonomer has been shown to exhibit a critical micelle concentration (CMC) [14], [46] and 

is not completely soluble in aqueous solution. The characteristics of MRP exhibit significant 

deviations from conventional free radical polymerization (FRP), which is the technique used to 

polymerize water-soluble cationic monomers, such as TMAEMC, homogeneously in aqueous 

solution [47], [48]. Both MRP and FRP involve the thermal decomposition of an initiator to form 

radicals, which react with monomer units to form propagating polymer chains [49]. Eventually, 

the chain growth terminates through combination with another growing chain, or by 

disproportionation, as shown in Figure 2.10 [49]. The occurrence of chain transfer events also 

contributes to the overall polymerization kinetics, as transfer of the radical from the growing 

chain to the monomer or the solvent results in the formation of a new propagating polymer chain. 

The difference between MRP and FRP is where the chain growth occurs – in homogeneous 

solution or in monomer/polymer rich nanoparticles. 
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Initiator decomposition     𝐼 
kd
→  2𝑓𝐼∗ 

Initiation     𝐼∗ +𝑀
k𝑖
→ 𝑃1 

Propagation     𝑃1 +𝑀
kp
→   𝑃𝑛+1  

Termination     

Combination    𝑃𝑛 + 𝑃𝑚
ktc
→   𝐷𝑛+𝑚  

Disproportionation   𝑃𝑛 + 𝑃𝑚
ktc
→   𝐷𝑛 + 𝐷𝑚 

Transfer 

To Monomer    𝑃𝑛 +𝑀
ktr
𝑚𝑜𝑛

→     𝐷𝑛 +𝑀
∗ 

𝑀∗ +𝑀
ki
𝑚𝑜𝑛

→     𝑃1 

To Solvent    𝑃𝑛 + 𝑆
ktr
𝑠𝑜𝑙

→    𝐷𝑛 + 𝑆
∗ 

𝑆∗ +𝑀
ki
𝑠𝑜𝑙

→    𝑃1 

 

Figure 2.10: FRP mechanism [49]  

 

From the sequence of reactions described in Figure 2.10, rate equations can be derived to provide 

a description of the polymerization kinetics that is valid for both homogenous and heterogenous 

systems. The rate of propagation depends upon the coefficient of propagation (kp), monomer 

concentration ([M]) and the total radical concentration. Since radicals are being continuously 

generated, it can be assumed that the rate of radical initiation and consumption are approximately 

equal under the quasi-steady state assumption (QSSA) to calculate the total radical concentration 

in the system. Thus, the rate of propagation is written in terms of measurable quantities, such as 

the initiator efficiency (f), initiator concentration ([I]), and the rate coefficients for initiator 

decomposition (kd)  and termination (kt), as shown in Equation 2. In turn, the average number of 

monomer units on a dead chain at a given instant can be estimated by the ratio of the rate of 

polymer propagation to dead chain formation, as expressed in Equation 3. 
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𝑅𝑝 = 𝑘𝑝[𝑀][𝑃𝑡𝑜𝑡]     with  [𝑃𝑡𝑜𝑡] = √
2𝑓𝑘𝑑[𝐼]

𝑘𝑡
 (2) 

 

𝐷𝑃𝑛
𝑖𝑛𝑠𝑡 =

𝑘𝑝[𝑀]

(𝑘𝑡𝑑 + 0.5𝑘𝑡𝑐)[𝑃𝑡𝑜𝑡] + 𝑘𝑡𝑟[𝑀] + 𝑘𝑡𝑟[𝑆]
 (3) 

In homogeneous solution, it is straightforward to determine the concentration of both monomer 

and initiator in the single phase system. Higher monomer concentration directly results in longer 

chain lengths and thus higher molecular weights. Similarly, at lower temperatures kd is 

decreased, yielding lower radical concentrations to also promote the formation of longer chains. 

Thus, the fundamental equations describing solution FRP indicate that higher molecular weights 

can be achieved by lowering the reaction temperature or increasing the monomer loading, which 

should translate to better bridging of the particles contained in MFT [11].  

However, studies with PCL2ChA and PCL2ChMA have shown that these macromonomers 

exhibit surfactant properties in aqueous media, which favours the formation of micelles [15], 

[46], [50] that remain as a separate phase as the monomer is converted to polymer. The 

properties of MRP can deviate strongly from FRP: the polymerization rate and product MWs 

will depend upon whether the chains are formed and grow in the monomer-rich micelles or in the 

aqueous solution, as the monomer and radical concentrations in the two phases will differ 

significantly. In MRP, the concentration of monomer in the micelles is controlled by 

thermodynamics, such that increasing the total monomer content in the system does not 

necessarily increase product MW,  as the growing polymeric radical can propagate in the micelle 

where the concentration of monomer is significantly higher than in the surrounding aqueous 
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solution [46], [50]. A recent kinetic study concludes that, as the cationic surfmers also have 

appreciable water solubility, propagation can occur (with differing rates) in both the aqueous and 

compartmentalized phases [46]. The resulting polymer MWs are determined by the relative 

proportion of monomers propagating in each phase and their respective rates, which varies as a 

function of temperature [46]. These complexities of MRP make it unclear whether polymer MW 

will necessarily increase by reducing reaction temperature or increasing initial monomer fraction, 

the changes expected under homogeneous FRP conditions. MRP will be further discussed in 

Chapter 5 of this thesis, which details an investigation of whether reaction conditions can be 

modified to increase the MW and thus improve the effectiveness of the polymeric flocculant 

when settling and consolidating MFT slurries.  

2.5 Summary 

Mature fine tailings consist of a stable suspension made up of fine clay particles and low levels 

of residual bitumen that derives its stability from its small particle sizes, negative surface charge 

and tendency to form gel-like suspensions [1], [3], [4], [7]. The theoretical basis for the stability 

of MFT was explored in this chapter and the strengths and weakness of existing and developing 

treatment strategies were reviewed. While many separation technologies exist for similar 

applications [3], [4] traditional treatment strategies have failed to separate MFT at a rate which 

can mitigate the tremendous environmental impact arising from the storage of these tailings [1], 

[5]. Flocculation of MFT is currently being investigated as a potentially viable solution to this 

problem, since it allows reprocessing of the tailings and because the properties of polymeric 

flocculants can be tailored to the application [11]. Existing polymer flocculants used in other 

applications have been found to be less effective in flocculating the fine particles contained in 

MFT [13], and are often hydrophilic which prevents continued dewatering of the tailings over 
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extended periods [14], [15]. Recent investigations have attempted to use cationic partially 

degradable polymers to achieve effective dewatering of these tailings. The use of these polymer 

types has shown promise, since continued dewatering and further consolidation of MFT flocs 

over time was observed in recent studies as the polymer degraded [13], [14], [16]. However, 

additional study is required before these flocculants can be implemented industrially.  

This thesis will examine the use of poly(PLA4ChMA) as a potential flocculant for dilute and 

undiluted MFT suspensions. Cylinder testing is first used to compare the flocculation 

performance of the degradable cationic polymer to that of commercial materials when applied to 

tailing suspensions diluted to 5.0 wt.% MFT; initial settling rates, MFT compactions and 

supernatant solids achieved both after 24 hours and after accelerated degradation are measured. 

While the results obtained provide a useful indication of flocculant settling characteristics, they 

do not necessarily represent the performance that might be achieved during flocculation of more 

concentrated MFT (around 30 wt.%) under field conditions. Thus, tests developed to evaluate 

flocculation and the long-term settling characteristics of undiluted MFT suspensions are 

conducted under the guidance of NAIT researchers in the lab of Dr. Heather Kaminsky. 

Capillary suction times are used to optimize the dosage required to flocculate undiluted MFT 

with poly(PLA4ChMA) and poly(TMAEMC), followed by application of a flocculation-filtration 

procedure to compare the performance of the cationic polymers to that of commercial 

flocculants. Thus, the performance of poly(PLA4ChMA) can be more accurately assessed using 

the combined information from these testing methodologies, as they cover a broad range of 

conditions to provide a more complete assessment of expected field performance.   
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Chapter 3 

Materials and Methods 

3.1 List of chemicals 

(3S,6S)-cis-3,6-dimethyl-1,4-dioxane-2,5-dione (L-Lactide, 98%), stannous octoate (Sn(oct)2), 2-

(dimethylamino)ethanol initiator (De, >98%), triethylamine (TEA, >99%), tetrahydrofuran (THF, 

>99%), methacryloyl chloride (MACl, 97%), basic alumina, ethyl ether (anhydrous), iodomethane 

(ICH3, 99%), 2,2-azobis(2-methylpropionamidine) dihydrochloride initiator (V-50, 97%), 

trimethylaminoethyl methacrylate chloride (TMAEMC, 75 wt.% in water), acrylamide (AM, 

>99%), non-ionic poly(acrylamide) (PAM, 5-6 million Da), FLOPAM A3338 (powdered anionic 

flocculant, as received from SNF), SNF C3276 (powdered cationic flocculant, as received from 

SNF), deuterium (D2O, 99.9%), chloroform-d (CDCl3, 99.8% D), Mature Fine Tailings (MFT, as 

received from Coanda and Innotech and as characterized in Table B1 of Appendix B), and process 

water (as received from Canadian Natural Resources Limited (CNRL) and as characterized in 

Table B2 of Appendix B) were all used as received. 

3.2 Synthesis of poly(PLA4ChMA) 

Previously developed experimental methodologies [15] were implemented to synthesize 

poly(PLA4ChMA) in a multistep process shown in Figure 3.1, and as further described in the 

following sections. Samples from each step of the synthesis were dissolved in deuterated 

chloroform to verify their structures using 1H-NMR, detailed in Figure A1, Figure A2 and Figure 

A3 of Appendix A.  
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Figure 3.1: Mechanism to synthesize poly(PLA4ChMA) [15] 

 

3.2.1 Ring Opening Reaction 

In the first step of the synthesis, a ring opening reaction of the lactide (LA) monomer was 

performed with stannous octoate catalyst, Sn(oct)2, and 2-(dimethylamino)ethanol initiator. A 

catalyst to monomer molar ratio of 1:1000 and an initiator to monomer molar ratio of 1:2 were 

used for the reaction, using the catalyst mass as a basis. Sn(oct)2 (45.4 mg) was measured in a 

clean 20 mL vial and mixed with 2-(dimethylamino)ethanol (5.003 g). The catalyst-initiator 

mixture was well mixed before being added to the reaction vessel. LA (16.14 g) was measured 

and placed in a clean 100 mL round bottom flask with a stir bar. The flask was purged with 

nitrogen gas for 10 minutes before adding the flask to an oil bath heated to 130 C. A syringe 

was used to draw the well-mixed catalyst-initiator mixture from the vial and add the solution to 

the reaction flask. After 7.5 min, the flask was removed from the oil bath and quenched in an ice 

bath.  

3.2.2 Methacrylate addition  

The PLA4De product from the previous reaction was transferred to a 500 mL three-necked round 

bottom flask and dissolved in tetrahydrofuran (THF) (200 mL) such that the concentration of the 
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OH groups, or the initiator concentration, in solution was approximately 0.2 mol/L. 

Triethylamine (TEA) (20 mL) was added to the reaction flask as a proton scavenger. The 

dissolved PLA4De was purged under nitrogen for 15 minutes and submersed in an ice bath. An 

excess of distilled MACl (7.11 mL) was added dropwise over the course of 1 h at 0 C. After the 

MACl addition, the reaction was allowed to proceed for an additional 3 h, after which the 

product solution was poured into a 500 mL Erlenmeyer flask, diluted with approximately 200 

mL of THF and placed in a freezer to separate the liquid product from the solid phase. After 12 

h, the solids were separated from the product using a Fritz filter and the filtrate was passed 

through an alumina column to remove any excess MACl. After passing the product through the 

column, the THF was evaporated from the product using a rotovap at 40 C. An NMR sample 

was collected from the dried product and dissolved in CDCl3.  

3.2.3 Methylation 

Diethyl ether was added to the product such that the concentration of amine groups, or initiator, 

was 0.1 mol/L. The product flask was purged with nitrogen for 5 min and added to an ice bath. 

Iodomethane was added to the agitated product flask and allowed to react for 48 h. The solvent 

was then evaporated from the macromonomer by rotovap with a bath temperature of 40 C. An 

NMR sample was taken from the dried product and dissolved in CDCl3. The resulting 

PLA4ChMA macromonomer was kept refrigerated until use. 

3.2.4 Polymerization 

A 0.22 wt.% solution of V-50 initiator was prepared in deionized water. In a single-neck round 

bottom flask, a 10 wt.% PLA4ChMA macromonomer solution was prepared using the 0.22 wt.% 

V-50 stock solution. The flask was capped and purged by bubbling nitrogen gas in solution for 1 
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h. After purging, the reaction flask was submersed in an oil bath at 70 C and reacted for 120 

min. After completing the reaction, an NMR sample of the polymer was dissolved in D2O and 

analyzed. PLA4ChMA-AM copolymers were also polymerized using a 10 wt.% monomer 

loading in 0.22 wt.% V-50 at 70 ℃ for 2 h. TMAEMC was polymerized using a 10 wt.% 

monomer solution in a 0.40 wt.% aqueous loading of V-50 and reacted at 50 ℃ for 120 min, 

following previously developed procedures [48].  

3.2.5 Preparation and characterization of flocculant solutions 

After preparing 10 wt.% poly(PLA4ChMA), the sample was diluted to 2 wt.% in process water, 

which refers to the quality of the water occurring after bitumen extraction, in order to roughly 

match the viscosity of a 5 wt.% MFT suspension. Synthetic process water solutions were 

prepared using a formulation proposed by researchers at NAIT, containing 1000 ppm NaCl and 

100 ppm CaSO4 [44]. The viscosity of the polymer was measured using a size 25 Cannon-Fenske 

Routine Viscometer. Approximately 10 mL of 2 wt.% polymer was aspirated into the viscometer 

and the flow time was measured using a stopwatch at room temperature. The polymer flow time 

was converted to viscosity using a viscometer calibration constant of 0.002 cSt/s.  

3.3 Preparation of 5.0 wt.% MFT 

A 4000 g batch of 5.0 wt.% MFT was prepared by diluting 600.6 g of 33.3 wt.% MFT solution, 

as received from the supplier, in 3399.4 g of process water. Later studies (see Chapter 5) also 

investigated flocculation of dilute MFT suspensions in industrial process water. The 5.0 wt.% 

MFT stock suspension was then agitated for 15 min. After mixing, three 5 mL samples were 

removed from the suspension, weighed on an aluminum dish and placed in a vacuum oven for 24 
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h. After evaporating the liquid from the samples, the precise solids content of the MFT 

suspension was calculated and recorded, shown below in Table 3-1.   

Table 3-1: Sample of assayed MFT in process water after dilution 

Replicate Sample mass 

(g) 

Dried mass  

(g) 

Actual MFT 

weight fraction  

(wt.%) 

Mean weight 

fraction 

(wt.%), 

 𝒘𝑴𝑭𝑻  

 

1 5.2198 0.2638 5.05  

5.04 2 4.9904 0.2324 4.66 

3 5.5949 0.3024 5.40 

 

 

3.4 Flocculation procedure 

3.4.1 Flocculant addition 

Flocculations were conducted in triplicate at each dosage for error analysis. Errors bars reported 

in compaction or supernatant clarity measurements represent standard deviations. The diluted 

MFT mixture was well-mixed before flocculations using an overhead agitator at 500 rpm for 15 

min. The mixed MFT suspension was transferred to a weighed graduated cylinder, and the mass 

of the cylinder with MFT was recorded. In this work, 100 mL cylinders were used as little 

difference was observed when comparing the compactions resulting from flocculation with 250 

mL cylinders, as detailed in Table A1, Table A2, and Table A3 of Appendix A. From the tailings 

mass, the required mass of flocculant to achieve the desired experimental dosage was calculated 

by rearranging Eq 4 to yield Eq 5. 

dose (ppm) =
𝑚𝑓𝑙𝑜𝑐𝑐𝑢𝑙𝑎𝑛𝑡(𝑔) × 𝑤𝑓𝑙𝑜𝑐𝑐𝑢𝑙𝑎𝑛𝑡(%) × 10

6

𝑚𝑀𝐹𝑇(𝑔) × 𝑤𝑀𝐹𝑇(%)
 (4) 
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𝑚𝑓𝑙𝑜𝑐𝑐𝑢𝑙𝑎𝑛𝑡  (𝑔) =
𝑡𝑎𝑟𝑔𝑒𝑡 𝑑𝑜𝑠𝑒 (𝑝𝑝𝑚) × 𝑚𝑀𝐹𝑇(𝑔) × 𝑤𝑀𝐹𝑇(%)

𝑤𝑓𝑙𝑜𝑐𝑐𝑢𝑙𝑎𝑛𝑡(%) × 106
 (5) 

Using a weighed syringe, the calculated mass of flocculant solution was drawn from a storage 

container. The flocculant was added in 2 mL aliquots, immediately mixing the added material 

into the suspension in the graduated cylinder with 3 vertical plunges using a stir rod, repeating 

the procedure until the total desired dosage was added to the MFT suspension. (The exact mass 

of flocculation solution added was determined by re-weighing the syringe after the last addition.) 

A timer was started, and the rate of MFT settling was tracked over 30 min by recording the 

position of the line that separated the solids-rich region from the supernatant as flocculation and 

settling occurred. These data were used to determine the initial settling rate (ISR) in the 

experiments, with results detailed in Figure A4 and Figure A5 of Appendix A. 

3.4.2 Measuring the solids compaction and supernatant clarity  

After 24 h, the solids compaction of the MFT in the cylinder was determined by weighing the 

test cylinder and documenting the supernatant liquid level and mudline level using Eq 6.  

wt.%(solids) =
𝑤𝑀𝐹𝑇(%) 𝑚𝑀𝐹𝑇(𝑔)

𝑚𝑓𝑖𝑛𝑎𝑙(𝑔) − 𝑚𝑒𝑚𝑝𝑡𝑦 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟(𝑔) −𝑚𝑤𝑎𝑡𝑒𝑟 𝑎𝑏𝑜𝑣𝑒 𝑚𝑢𝑑𝑙𝑖𝑛𝑒(𝑔)
 (6) 

The assayed weight fraction, 𝑤𝑀𝐹𝑇  (typically 0.05), was multiplied by the measured mass of 

MFT in the flocculation cylinder, 𝑚𝑀𝐹𝑇, and divided by the final mass of the solids at the time of 

measurement, either 24 hours or after thermal degradation of the flocculant solution. The final 

mass of solids in the flocculation cylinder was obtained by subtracting the total mass of the 

supernatant and the tailings, 𝑚𝑓𝑖𝑛𝑎𝑙 −𝑚𝑒𝑚𝑝𝑡𝑦 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟, by the supernatant liquid mass above the 
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mudline, 𝑚𝑤𝑎𝑡𝑒𝑟 𝑎𝑏𝑜𝑣𝑒 𝑚𝑢𝑑𝑙𝑖𝑛𝑒 , calculated using the known volume (supernatant liquid level − 

mudline level) and assuming a density of 1 g/mL. Both compaction and supernatant clarity 

measurements were done in triplicate, reporting the average values with error bars associated 

with the standard deviation of the triplicate measurements.  

After measuring the solids compaction, the supernatant clarity was determined by removing the 

supernatant liquid from the cylinder, leaving approximately an inch of supernatant above the 

mudline. The supernatant liquid was mixed in a beaker and three 5mL supernatant samples were 

added to three aluminum weighing dishes. The aluminum weighing dishes, with supernatant, 

were weighed and placed in a vacuum oven until dry. The dried aluminum dishes containing the 

supernatant solids were weighed to determine the solids content with the three measurements 

used to calculate the average supernatant solids content reported for each experiment. 

3.4.3 Thermal degradation of flocculated MFT 

After collecting the initial solids compaction of the tailings and supernatant solids content 

measurements, the test cylinders were covered with aluminum foil to prevent evaporative losses 

and fully submersed in an unmixed oil bath at 75 C. Thermal degradation of the polymer was 

allowed to occur over 5 days. After this time, the solids content and supernatant clarity were 

determined using the same procedures detailed in the previous section.  

3.4.4 Capillary suction time (CST) 

Capillary suction time is a test used to evaluate the dewaterability of the flocculated tailings 

(either immediately after flocculation or after 24 h) by measuring the time required for the 

supernatant to pass through a capillary, which generally provides an indication the dewaterability 

of the flocs. CST was used in previous studies with degradable polymers to examine the 
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dewaterability of the supernatant 24 hours after flocculation of the tailings [13], [14]. In this 

thesis, CST measurements are used in Chapter 6 to assess the dewaterability of the flocs 

immediately after mixing the flocculant and establish an optimum dosage for treatment of 

undiluted MFT. Flocculated tailings were analyzed immediately after mixing by scooping the 

tailings into a Triton Electronics 319 CST apparatus. CST measurements were done in triplicate 

and averaged to generate dosage response curves. Error bars correspond to the standard deviation 

of the CST measurements.  

3.4.5 Specific resistance to filtration (SRF) 

250 g of the flocculated suspension (after mixing of the flocculant solution with undiluted MFT) 

was transferred to a test cell containing a 90 mm diameter Whatman 50 filter paper diameter 

filter paper (2.7 m pore). The test cell was assembled and fixed to an OFITE Multi-Unit filter 

press. A 500 mL baffled beaker was placed on a balance below the test cell and tared. The 

pressure valves to the filter press were closed, and the nitrogen pressure was adjusted to 42.5 

psig. The mass of water released from the test cell was tracked until water release ceased, usually 

within 24 h. The filter cake was weighed and dried to determine the solids content of the filtered 

tailings. Each test was conducted in triplicate, using the average net water release to generate a 

water release curve.  
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Chapter 4                                                                                                

Flocculation of dilute MFT suspensions with novel and commercial flocculants 

4.1 Introduction 

In previous work, methodologies were developed to synthesize LA and CL based hydrolytically 

degradable cationic macromonomers that were then polymerized to produce flocculants [14], 

[15], [46], [50]. These materials were designed to improve the solid-liquid separation and 

dewatering of mature fine tailings (MFT) for potential application in remediation of oil sands 

settling ponds. The primary advantage of these polymers is the degradable functionality of its 

hydrophobic polyester units, which cleave from the polymer through hydrolysis to make the 

polymer more hydrophobic over time, thereby enhancing the water removal from the tailings 

[14], [15], [16]. The cationic surface charge of these polymers is favourable for flocculation of 

MFT since it enhances the bridging effect between the negatively charged tailings and 

encourages the formation of aggregates, which settle more rapidly than the individual tailings 

[14], [15]. 

The goal of previous research was to assess the flocculation performance of several CL and LA 

based cationic polymers in dilute MFT suspensions at a bench-scale using 100 mL graduated 

cylinders in deionized water [14], [15]. The viability of each polymer type was assessed by 

measuring the initial settling rate (ISR) and capillary suction time (CST) after flocculation, tests 

that have been used to provide indication of the effectiveness of flocculation [13], [15], [44]. 

ISR, with units of m/h, quantifies the speed at which the suspended particles settle immediately 

after addition of the flocculating agent, while the CST procedure assesses the relative 

dewaterability of the settled solids after 24 hours of settling by measuring the time required to 

the supernatant to pass through a capillary. The compaction of the tailings and turbidity 

supernatant were measured 24 h after flocculation, and also following accelerated degradation of 
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the polymer accomplished by holding the consolidated MFT slurry at elevated temperature for a 

specified number of days [14]. An ideal flocculant will offer fast ISRs, approximately 10 m/h, 

while achieving a well-compacted sediment that easily releases water; in addition, the 

supernatant liquid separated will exhibit low solids content (<0.5 wt.%) [44].  

Several observations were made to suggest that these polymers could be viable alternatives to 

existing flocculants. Most importantly, when comparing their performance to that of other 

charged polymers without degradable units, such as poly(TMAEMC), increasing consolidation 

of the tailings was observed over time [14], [15]. The LA-based variants degraded more rapidly 

than the CL-based polymers, as expected as a result of the faster hydrolysis of poly(lactide) 

(PLA) compared to PCL. In addition, it was determined that the methacrylate degradable 

polymers offered better overall compaction compared to their acrylate analogs [14], [15]. For 

these reasons, the research conducted in this thesis will focus primarily on the flocculation 

properties of poly(PLA4ChMA), as 5 days of accelerated degradation at 50 C provided >50% 

additional volume reduction of the MFT sludge compared to that achieved by the initial settling 

over 24 h (see Figure 2.9 in Ch. 2); at room temperature, similar compactions were achieved 

over 2-3 months [14], [15].  

While these studies demonstrate the potential of these hydrolytically degradable polymers, they 

were conducted using dilute MFT suspensions in deionized water, with a solids content ranging 

from 2% to 5% [15]. Further research is required to extend the investigations to conditions closer 

to those expected in the field, and to evaluate the performance of these polymers relative to 

available industrial flocculants. For example, the use of process water containing ions such as 

Na+ and Ca2+ has been demonstrated to improve the settling properties of the tailings during 

flocculation compared to deionized water [9]. Additionally, the polymer dosages required to 
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achieve effective compaction of the dilute MFT suspensions (prepared with deionized water) 

with poly(PLA4ChMA) ranged from 3,000 to 10,000 ppm [14]. These levels are elevated relative 

to those conventionally used for flocculations of dilute MFT, which are generally less than 500 

ppm [44], and make the flocculant costly to implement.  

Thus, the aim of this chapter is two-fold: to compare the flocculation performance of 

poly(PLA4ChMA) with dilute MFT suspensions in deionized water and in process water, and to 

determine the influence of process water on the dosing response of the degradable polymeric 

flocculant under study. In this chapter, synthetic process water comprised of 1000 ppm NaOH 

and 100 ppm CaSO4 was used, based upon procedures developed through collaborators at the 

Northern Alberta Institute of Technology (NAIT) [44]. The performance of poly(PLA4ChMA) is 

then compared to existing industrial flocculants, with the goal of determining whether the 

degradable flocculant under study provides a significant advantage for MFT consolidation under 

these conditions which are closer to those expected in the field.  

4.2 Results and discussion 

4.2.1 Solution properties of poly(PLA4ChMA) 

Flocculant solutions were prepared to match approximately the viscosity of a 5 wt.% MFT 

suspension, to facilitate mixing when the flocculant was added to the MFT. The commercial 

flocculants, which are water-soluble, were prepared to a concentration of 0.02 wt.% in process 

water, whereas poly(PLA4ChMA) was prepared at a concentration of 2.00 wt.% for 

flocculations. As shown in Table 4-1, the commercial flocculants achieve similar viscosities at 

much lower loadings relative to poly(PLA4ChMA). 



33 

 

Table 4-1: Kinematic viscosities of FLOPAM A3338, SNF C3276 and poly(PLA4ChMA) in water at 22 ℃ 

Flocculant Polymer loading (wt.%) Kinematic viscosity (cSt) 

FLOPAM A3338 0.02 1.62 

0.04 8.25 

SNF C3276 0.02 3.80 

 

poly(PLA4ChMA) 

2.00 1.48 

5.0 2.81 

TMAEMC 0.02 1.62 
 

The lower viscosities measured with poly(PLA4ChMA) are attributable to its higher 

hydrophobicity and thus its existence as nanoparticles in aqueous media [14]; this behavior has 

enabled similar polyester-based polymer materials to be used as drug delivery agents in 

biomedical applications [39]. The reduced viscosity of poly(PLA4ChMA) in more concentrated 

solutions provides both an advantage and a drawback for flocculation, depending on the MFT 

concentration under study. At low MFT concentrations (i.e. 5 wt.%), lower solution volumes are 

required to achieve equivalent dosing relative to PAM-based flocculants, as more concentrated 

poly(PLA4ChMA) solutions can be used without significantly increasing its solution viscosity. 

However, it was desired to increase the viscosity of the flocculant solution for addition to 

concentrated MFT suspensions (20-30 wt.%) for the tests discussed in later chapters, as this 

facilitates mixing. As shown in Figure 4.1, the preparation of more viscous solutions was easily 

achievable with the commercial water-soluble flocculants; however, the viscosity of 

poly(PLA4ChMA) dispersed in water could not be increased in a similar fashion, as shown by 

comparing viscosities of the 2 and 5 wt.% mixtures (see Table 4-1). Attempts to produce 

dispersions with higher poly(PLA4ChMA) levels were not successful, as the mixtures prepared 

by adding the freeze-dried powder to process water were not stable. In comparison, the viscosity 

of water-soluble FLOPAM A3338 can be easily tuned to match the viscosity of undiluted MFT 

samples by increasing its solution concentration from 0.02 wt.% to 0.45 wt.%. [44]. 
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Figure 4.1: Viscosity profile of FLOPAM A3338 at various solution concentrations  

4.2.2 Dosage response of poly(PLA4ChMA) in dilute MFT suspensions  

The flocculation performance of poly(TMAEMC) and poly(PLA4ChMA) with 5 wt.% MFT was 

first studied in deionized water using high dosages (10,000 ppm), in order to compare with 

results established in previous research [14], [15]; thus, both the flocculant and diluted MFT 

mixtures were prepared using deionized water. It is worth noting that although TMAEMC is 

more viscous than poly(PLA4ChMA), a 2.00 wt.% solution was used with both flocculants; 

otherwise, the elevated dosages (10,000 ppm) used to treat the tailings would result in flocculant 

volumes that are impractically large. In agreement with previously reported results, 

poly(PLA4ChMA) offers better initial compaction after 24 hours compared to poly(TMAEMC);  

as shown in Figure 4.2, the mudline in the 100 mL graduated cylinder decreases to 38 mL 

compared to the 62 mL position with poly(TMAEMC). In addition, almost 50% further sediment 

compaction occurs as the poly(PLA4ChMA) partially degrades when the slurry is held at 75 ℃ 

for 5 days, with the mudline further decreasing to 22 mL, making the sediment nearly twice as 

compact as that obtained with poly(TMAEMC) (mudline decreases from 62 to 50 mL after held 
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under accelerated degradation conditions). Thus, there is little additional compaction of the non-

degradable analog poly(TMAEMC), as previously demonstrated in earlier work [14]. 

 

 

Figure 4.2: Comparison of continued settling during accelerated degradation (top) and compactions before 

and after degradation (bottom) of 5.0 wt.% MFT from flocculation in deionized water using 10,000 ppm of 

poly(PLA4ChMA) (added as a 2.00 wt.% dispersion) and 10,000 ppm of poly(TMAEMC) (added as a 2.00 

wt.% solution)  

Although these results confirm that poly(PLA4ChMA) has favourable settling properties at the 

elevated dosage of 10,000 ppm, poor separation of the MFT was observed with either cationic 

flocculant when the dosage was decreased to 500 ppm. However, flocculations conducted with 

the commercial anionic FLOPAM A3338 and cationic SNF C3276 flocculants at 500 ppm also 
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resulted in poor solid-liquid separation with 5 wt.% MFT diluted by deionized water, as 

characterized by turbid supernatants of the treated tailings, shown in Figure 4.3. Even at the 

elevated dosage of 10,000 ppm, poor supernatant turbidity was observed with FLOPAM A3338. 

These findings support those reported previously with non-ionic polyacrylamide [14], [15], 

which also found poor supernatant turbidities compared to cationic flocculants in dilute MFT 

suspensions prepared in deionized water.  

 

(a) 

 

(b) 

 

Figure 4.3: 5.0 wt.% MFT 24 hours after treatment in deionized water with (a) 500 ppm FLOPAM A3338 

(left) and 500 ppm SNF C3276 (right) and (b) with 10,000 ppm FLOPAM A3338 (added as a powder) 

 

Despite the improvement in performance observed with poly(PLA4ChMA) compared to 

poly(TMAEMC) and FLOPAM A3338 in deionized water, the elevated dosages required for 

flocculation make poly(PLA4ChMA) less attractive for industrial applications. To better evaluate 

the performance of poly(PLA4ChMA) under field conditions, experiments were conducted in 

process water synthesized to mimic the aqueous composition of an MFT slurry. The purpose of 
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the experiments were two-fold: to determine if reduced polymer dosages could be used to 

flocculate MFT in process water, similar to those used commercially now (i.e., <500 ppm for 

dilute suspensions), and to see if the considerable advantages in compaction observed in 

deionized water carried over to process water at reduced dosages. A series of experiments were 

first conducted with poly(PLA4ChMA) with 500, 1000 and 3000 ppm to determine a suitable 

dosage before comparing its performance to other industrial flocculants. These tests became a 

benchmark condition that were applied to three separate sources of MFT in process water, with 

results shown in Figure 4.4. Compaction of the settled MFT sludge was determined from 

triplicate experiments both after 24 h, and then after 5 days of accelerated degradation at 75 C. 

 

 

 

 

 

 



38 

  

 

Figure 4.4: Comparison of compactions of 5.0 wt.% MFT in synthetic process water after treatment with 

poly(PLA4ChMA) at various dosages using three different sources of MFT 

Before discussing the results further, it is important to first examine the differences seen between 

MFT sources. MFT is a complex suspension, whose properties vary with numerous factors such 

as clay content, particle size (particularly % fines) and bitumen content, all factors that influence 

the stability of the suspension [4], [20], [21], and thus the ability of flocculants to settle the 

tailings from the suspension. In many tailings, kaolinite and illite are the most abundant clays but 

the occurrence of minute quantities of clays such as smectite and vermiculite enhance water 

retention by increasing total clay surface area through interstratification with illite or kaolinite 

[4], [20], [21]. Bitumen, often making up less than 5 wt.% of the suspended tailing, also 
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increases water retention, as the strong hydrophobic interactions afforded by bitumen coated 

clays will cause them to sediment and further reduces the permeability of water away from the 

clay surface [4], [18], [51]. For these reasons, earlier studies investigating the performance of 

flocculants reported better settling using kaolinite analogs than that achievable with actual MFT 

[4]. In this research, three different sources of tailings were used, as they were supplied to us in 

quantities of 2 L which was insufficient to last over the complete study. Each tailings source was 

characterized using a particle size distribution by pulsed laser, a clay content measurement, 

summarized in Table B1 of Appendix B, and an analysis of the inorganic ions contained in the 

process water, summarized in Table B2.  

The comparison of MFT compactions following flocculation at various dosages shows that 

significant variability in overall MFT consolidation from different MFT sources. As shown in 

Figure 4.4, MFT 1 and MFT 3 exhibited similar overall compaction, but a greater fraction of the 

compaction was achieved in the first 24 h with MFT 3. Most notably, the overall compaction 

levels achieved with MFT 2 were significantly lowered. The characterization data of MFT 2 

indicates a lower bitumen content relative to MFT 1 and MFT 3, which might be expected to 

facilitate flocculation. The different batches also have similar particle size distributions and 

levels of surface-active clays, as indicated by their similar methylene blue indexes [17]. As little 

difference in the properties of the tailings were found using the described analyses, the 

underlying reason for the difference in flocculation performance between different sources of 

MFT is unclear and could suggest that other factors contributing to its settling behaviour are not 

adequately characterized by the MFT analysis. Ultimately, these findings indicate that different 

sources of MFT contribute strongly to the achievable dewatering with degradable flocculants and 

limits the comparability of flocculation tests conducted with separate sources of MFT. At best, 
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bench scale flocculations used in this methodology will offer a relative indication of performance 

that should not be directly comparable to flocculations conducted under different conditions nor 

be interpreted as direct projections of field performance.  

The compaction results from Figure 4.4 also reveal important findings about the impact of 

process water on the settling performance of poly(PLA4ChMA). In process water, flocculation 

was observed at a dosage of only 500 ppm, in contrast to 10,000 ppm required for flocculation in 

deionized water. No further improvement in compaction was observed when levels were 

increased to 1000 and 3000 ppm, as indicated by a t-test shown in Table C1 (Appendix C). The 

finding that MFT compaction can be achieved at low dosages is likely because the ions in the 

process water acts as  salt linkages which facilitate bridging of particles in the presence of the 

polymeric flocculant [22], [45]. Similar flocculation methods, involving the injection of CaCl2 to 

diluted MFT suspensions prior to addition of polymer, have been implemented and shown 

improvements in compactions at reduced dosages with low molecular weight flocculants [27]. In 

addition, the use of calcium solutions at low dosages (50 ppm) has been demonstrated to improve 

the performance of anionic polyacrylamides flocculants in MFT treatment processes [22], [27] , 

a result attributed to a decrease in repulsive forces between silica-silica and the promoted 

adhesion of the flocculant onto the tailings surface [22].  

This important set of tests demonstrates that similar compactions are attainable with 

poly(PLA4ChMA) at reduced dosage levels in process water. However, as seen by the relative 

size of the blue and red regions of each experiment, the relative increase in compaction observed 

after poly(PLA4ChMA) degradation was less than that seen in deionized water with certain MFT. 

As such, a comparison of the settling characteristics of industrial flocculants to 
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poly(PLA4ChMA) is required to determine if its performance at low dosages offers significant 

advantages over available commercial alternatives. 

4.2.3 Comparison of flocculation performance to commercial flocculants 

The settling properties of 500 ppm poly(PLA4ChMA) were compared to anionic FLOPAM 

A3338 and cationic SNF C3276 using 5.0 wt.% MFT in synthetic process water at the same 

dosage. Solids compactions were measured 24 h after flocculation as well as after holding the 

sludge for 5 days at 75 C; although the commercial materials do not degrade, extra compaction 

may occur. The solids content of the supernatant was also measured for each flocculation to 

provide another indication of the separation efficiency; it has been reported that a solids content 

of less than 0.5 wt.% is required for recycling of the process water [3]. In addition, the initial 

settling rates (ISR) were estimated by observing the change in mudline position as a function of 

time over the first 30 min after adding the flocculant. In some cases, as discussed below, the ISR 

was too low to measure, even though the solids separated into a clearly identifiable phase over 

24 h. Figure 4.5 compares the compaction and supernatant solids contents for the three 

flocculants. The supernatant clarities were comparable, ranging from 0.20 to 0.25 wt.% solids 

after 24 h, and improving slightly over the 5-day degradation period. While continued 

compaction was observed with poly(PLA4ChMA) after the degradation period, the same was 

also found for the cationic flocculant SNF C3276, even though the latter is not believed to 

degrade (the structures and charge densities of the commercial flocculants were not available). 

The compaction of the MFT treated with FLOPAM A3338 did not increase as much over the 5-

day period as the cationic polymers, but the initial 24 h compaction was significantly greater (as 

detailed by a t-test in Table C2 of Appendix C). Thus, the final compaction levels achieved with 

all three flocculants in the synthetic process water are quite similar, despite the clear advantage 
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of poly(PLA4ChMA) for MFT dispersed in deionized water demonstrated in the previous 

section. A t-test (Table C2) comparing the final compactions after degradation indicates that the 

partially degradable poly(PLA4ChMA) material results in more significant compaction of the 

MFT than the commercial flocculants after the degradation period. However, the much smaller 

difference (around 2%) in overall compaction relative to commercial materials make the benefit 

less important than that previously observed in deionized water [15].  

 

 

Figure 4.5: Comparison of compactions (left) and supernatant clarities (right) of 5.0 wt.% MFT (source 1) 

in synthetic process water after treatment with various flocculants at 500 ppm  

Although the final MFT compactions achieved are similar, a drawback of the cationic flocculants 

are their slow average initial settling rates (<0.4 m/h) under the range of dosages tested, detailed 

in Table A4, Table A5, Table A6 of Appendix A, with negligible settling observed in the first 

hour after treatment at 500 ppm. This behavior has been observed in previous studies, with ISRs 

<0.4 m/h reported for similar flocculations in deionized water with poly(PLA4ChMA) at high 

dosages (10,000 ppm) [15], and earlier studies also found negligible settling rates with 

degradable caprolactone analog at low dosages (1000-2000 ppm) [13]. In contrast, anionic 

FLOPAM A3338 offers considerably higher ISRs (4.8 m/h) when dosed at 500 ppm, while also 

achieving higher compaction of the sediment over 24 h. In similar flocculation studies calcium 
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has been employed to improve flocculation with anionic flocculants, since Ca2+ has been found 

to act as a chelating agent which facilitates precipitation of anionic polymers onto the tailing 

surface [27]. However, in testing done with synthetic process water without calcium, similar 

supernatant clarities and compactions were observed, as shown in Figure 4.6, suggesting that the 

sodium ions also contribute to the improvements the flocculation performance of anionic 

flocculants in dilute MFT suspensions.  

 

Figure 4.6: Comparison of the compactions of 5.0 wt.% MFT after treatment with FLOPAM A3338 at 500 

ppm in (left) synthetic process water (mudline at 17 mL), (middle) Na+ only process water (17 mL) and (right) 

deionized water 

The findings from this chapter indicate that the use of process water, instead of deionized water, 

greatly improves the performance of anionic FLOPAM A3338 at lower dosages, resulting in 

considerably improved supernatant clarities compared to those seen in deionized water. 

Furthermore, as anionic polyacrylamides have significantly higher molecular weights 

(>10,000,000 g/mol) [15], [27] than those of the cationic flocculants used in this study (700,000-

850,000 g/mol) [13], the measured initial settling rates suggest that the lower molecular weight 



44 

cationic flocculants are less effective in bridging the particles in the tailings. In the next chapter, 

the molecular weight of various formulations of degradable polymer will be analyzed and 

compared to existing flocculants to improve the initial settling properties of poly(PLA4ChMA). 

4.3 Conclusions 

The flocculation performance of poly(PLA4ChMA) was assessed by comparing the impact of 

process water and dosage on the resultant solid-liquid separation of a dilute 5.0 wt.% MFT 

suspension. Process water proved to have an important impact on flocculation performance, 

resulting in improvements in flocculation performance in both cationic and anionic flocculants at 

dosages which had previously resulted in poor settling in deionized water. Flocculations 

performed in process water at low dosages of 500 ppm with poly(PLA4ChMA) resulted in 

settling of the tailings with low supernatant solids. A comparison of poly(PLA4ChMA) to 

anionic and cationic flocculants used in industry demonstrated that both novel and commercial 

cationic flocculants have negligible initial settling rates compared to anionic FLOPAM A3338 

and provided lower MFT compactions after 24 hours at low dosages. While thermal degradation 

of poly(PLA4ChMA) led to final compactions greater than those of the commercial flocculants, 

the improvement was much smaller than previously observed in deionized water. The next 

chapter characterizes the molecular weights of poly(PLA4ChMA) under different reaction 

conditions with the goal of determining if the initial settling properties of the flocculant can be 

improved to combine the potential benefits of fast initial settling and continued dewatering 

following degradation.  
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Chapter 5 

Modification of poly(PLA4ChMA) molecular weight and structure and its 

influence on flocculation performance of dilute MFT suspensions  

5.1 Introduction 

The improved MFT compaction after treatment with FLOPAM A3338 differs from previous 

studies with degradable polymers that showed no separation of the tailings from solution at 

significantly higher flocculant dosages in deionized water [15], [34]. This result demonstrates 

that the presence of ions in the process water serves an important role in enhancing flocculation 

with the anionic FLOPAM A3338; the process water provides the necessary salt linkages to 

facilitate adsorption onto the particles and polymer to form aggregates more effectively, resulting 

in faster settling rates and similar overall compactions to the novel degradable polymer under 

study. The settling data obtained with anionic FLOPAM A3338 also indicates that the elevated 

molecular weight of the anionic flocculant offers benefits in flocculating dilute MFT 

suspensions. In contrast, slow settling rates were found with poly(PLA4ChMA), even at elevated 

dosages (10,000 ppm). While it is expected  that molecular weight should correlate directly to 

flocculation performance, and commercial flocculants generally have high molecular weights 

(>10 MDa), variability in the settling data from multiple studies investigating novel flocculants 

suggest that flocculation is further complicated by other factors, such as polymer conformation 

and surface charge [3], [7], which could influence the effectiveness of surface adsorption and 

aggregate formation during flocculation in higher molecular weight polymers. For instance, 

lower molecular weight polymers have resulted in similar or better settling performance to those 

obtained with poly(PLA4ChMA) [27], [33], [35]. In a flocculation study with hyperbranched 

functionalized polyethylene (HBfPE) in a dilute 5.0 wt.% MFT suspension, comparable settling 
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rates (0.083 mm/s or 0.30 m/h) were measured at 2000 ppm compared to those measured here 

with poly(PLA4ChMA) at 10,000 ppm under similar conditions, despite having significantly 

lower molecular weights (7000 kDa) [27].  Interestingly, a study comparing a similar partially 

hydrophobic poly(acrylamide)-polypropylene (PAM-PPO) flocculant (1.1MDa), to a commercial 

anionic polyacrylamide in treating a 2.0 wt.% MFT suspension diluted in deionized water, 

treated in combination with 1000 ppm Ca2+, found that high dosages of PAM-PPO (10,000 ppm) 

could attain similar compactions and settling rates (1.45 mm/s or 5.22 m/h) to those measured 

with anionic polyacrylamide at dosages of 2000 ppm [52]. In contrast, earlier studies comparing 

cationic TMAEMC homopolymer and AM copolymer to a degradable cationic polymer analog, 

poly(PCL2ChMA), measured little variation in settling rates of 5 wt.% MFT diluted with 

deionized water when the dosage of cationic flocculants and its copolymers with AM was 

systematically varied, as shown in Figure 5.1. This result indicates that the higher molecular 

weight of the degradable cationic polymer compared to poly(TMAEMC) did not translate to 

improved settling performance [13]. Further, existing settling data comparing degradable 

cationic flocculants to poly(TMAEMC) suggests that the hydrophobic functionality of 

poly(PLA4ChMA) does not limit its initial settling characteristics, as they achieve similar 

performance to the more hydrophilic poly(TMAEMC) analog [13], [14], [15]. While the 

underlying reason for the slow settling rates achieved with the degradable cationic flocculants is 

unclear, these findings suggest that increasing molecular weight may improve its performance 

compared to commercial alternatives. 
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Figure 5.1: Comparison of initial settling rates using PCL2ChMA and TMAEMC-based polymers and 

copolymers with 5.0 wt.% MFT in deionized water at varying dosages [13] (reprinted from Applied Materials 

and Interfaces)  

In this chapter, poly(PLA4ChMA) was synthesized at higher weight fractions and lower 

temperature to increase the molecular weight of the polymer with the goal of improving its initial 

settling characteristics and increase final MFT compactions after degradation. For radical 

polymerization of acrylamide in aqueous solution, increasing monomer concentration and 

lowering synthesis temperature result in higher polymer molecular weights [53]. However, 

synthesis of hydrophobic polyelectrolytes such as poly(PLA4ChMA) occurs by micellar radical 

polymerization, as the hydrophobic macromonomer is surface active and becomes dispersed in 

the aqueous polymerization medium as micelles [14], [46]. This micellization has been found to 

enhance the rate of propagation because of elevated local monomer concentration in the micelles 
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[46]. The ability of the radicals to propagate in both the micelle and the aqueous phase 

complicate the polymerization behaviour of PLA4ChMA; a kinetic study of PCL2ChMA 

hypothesized that the improved aqueous solubility of growing polymer chains at 50 and 70 ℃ 

allows them to propagate outside of the micelle [46]. This complication impacts the molar mass 

distributions of polymers undergoing micellar radical polymerization (MRP), since the chain 

growth (and thus product chain lengths) in the aqueous and compartmentalized phases occur at 

differing monomer concentrations and with differing propagation rate coefficients [46]. In 

addition, batch micellar radical copolymerization with a hydrophilic and a hydrophobic 

comonomer, such as PLA4ChMA with acrylamide (AM), deviate from homogeneous 

copolymerization kinetics, as enhanced incorporation of the hydrophobic monomer into the 

polymer chain occurs within the micelle relative to its reactivity ratio, yielding block copolymers 

with lengths and compositions which vary with conversion [54].  

These complications associated with micellar radical polymerization kinetics prevent an accurate 

estimation of the increase in molecular weight that would be expected in homogeneous 

polymerization by lowering temperature and by increasing monomer fraction. Thus, an important 

component of the investigation described in this chapter is characterizing the molecular weights 

of the PLA4ChMA homopolymers synthesized at different conditions using gel permeation 

chromatography techniques established for polymers with similar structure [13], [48]. MFT 

compactions and settling rates, and supernatant clarities of acrylamide/PLA4ChMA copolymers 

are compared to poly(PLA4ChMA) and poly(acrylamide) homopolymer to better understand the 

effect of copolymer composition and polymer molecular weights on the performance of these 

flocculants. In addition, sequential dosing strategies are implemented and evaluated with 
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poly(PLA4ChMA) and PAM-based flocculants to determine if enhanced thickening can be 

achieved by treating MFT with these polymers in succession.  

5.2 Experimental  

5.2.1 Materials  

Formic acid (>98%, analytical grade), lithium bromide (>99%, analytical grade), high 

performance liquid chromatography (HPLC) water were all used as received. 

5.2.2 Eluent preparation 

Gel permeation chromatography (GPC) measurements of polymer molecular weight were 

conducted using an aqueous eluent containing 0.3 M formic acid (FA) and 0.3 wt.% lithium 

bromide (LiBr) dissolved in high performance liquid chromatography (HPLC) water. 800 mL of 

HPLC water were measured and transferred to a 1 L baffled beaker containing a stir bar. While 

stirring, 13.81 g of FA was added slowly to 800 mL of HPLC water. In a separate 20 mL vial, 

0.3 g LiBr was weighed and dissolved in HPLC water. After dissolving the LiBr, the contents of 

the vial were transferred to the baffled 1 L beaker. The FA/LiBr solution was transferred to a 1 L 

graduated cylinder, and HPLC water was added to make 1 L of eluent. The eluent was 

transferred to an empty 4 L HPCL bottle and degassed under vacuum for 24 h before use. Using 

the prepared 0.3 M FA/0.3 wt. % LiBr eluent, a 1 mg/mL polymer solution was dissolved for 24 

h. The polymer sample was filtered using a 0.45 um nylon membrane prior to injection.  

5.2.3 Gel permeation chromatography measurements  

Molecular weight measurements were obtained using an Agilent Gel Permeation 

Chromatograph, consisting of 4 columns maintained at 40 ℃. The instrument is equipped with 
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refractive index, light scattering and viscosity detectors. 1 µL samples were injected using an 

eluent flowrate of 1 mL/min. 10 pullulan standards were used to calibrate the instrument. 

5.3 Results and Discussion 

5.3.1 Characterization of poly(PLA4ChMA) molecular weights and viscosities 

Poly(PLA4ChMA) was synthesized under various reaction conditions in order to relate its 

measured molecular weight to its flocculation performance, with the goal of determining if any 

improvements in initial settling rate or compaction were achievable compared to the original 

material produced by polymerization of 10 wt.% PLA4ChMA with 0.22 wt.% V-50 at 70 ℃ for 

2 hours (complete conversion achieved). The modified synthesis conditions – lowered 

temperature and higher monomer loadings – were selected with the goal of increasing the 

polymer molecular weight to improve the particle bridging (and hence increasing settling rate 

and compaction) during the flocculation. The polymerizations were conducted with 10 wt.% 

macromonomer in water at 50 ℃ for 8 h, and with 20 wt.% macromonomer at 70 ℃ for 2 h, 

keeping the V-50 level the same as in the original experiment. After polymerization at each 

reaction condition, full conversion of both polymers was confirmed using 1H-NMR, as indicated 

by the disappearance of the vinyl peaks of the macromonomer above 6.0 ppm (illustrated in 

Figure D1 of Appendix D).  

Aqueous gel permeation chromatography (GPC) was used to measure the molecular weights of 

the PLA4ChMA polymers synthesized in this work. An established polymer preparation 

procedure for similar cationic polymers, such as poly(TMAEMC), was followed prior to 

conducting GPC measurements [48]. Initially, the polymer was prepared by performing dialysis 

with a 5000 Da membrane to remove impurities from the polymerization prior to freeze drying 
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the polymer and re-dissolving it in an acidic eluent. However, it was found that performing 

dialysis on poly(PLA4ChMA) resulted in a marked reduction in solubility of the isolated 

polymer; as shown in Figure 5.2 there is a decreased solubility apparent from the cloudiness of 

the solution which was subjected to dialysis. The observation could be attributed to the removal 

of the iodide counterion, which might afford some solubility to the macromonomer in water [13].  

 
Figure 5.2: Comparison of 2.00 wt. % solutions of poly(PLA4ChMA), synthesized at 70 ℃ with 10 wt.% 

macromonomer in aqueous solution: (left) before dialysis (right) after dialysis 

The reduced solubility created significant difficulties when attempting to characterize the 

molecular weights and viscosities of poly(PLA4ChMA), since both techniques involve the use of 

fine capillaries that are susceptible to clogging when analyzing poorly solubilized solutions, as 

illustrated in Figure 5.3. Thus, polymer samples were prepared for GPC analysis and viscosity 

measurements without first performing dialysis. This procedure is reasonable for the polymers 

under study, as they reach complete conversion and contain few impurities which could 

influence their molecular weight distributions. 
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Figure 5.3: Clogging of a capillary viscometer by a 2.00 wt.% poly(PLA4ChMA) dispersion prepared after 

dialysis of polymer synthesized at 70 ℃ and 10 wt.% macromonomer 

Synthesis of poly(PLA4ChMA) at lower temperature (50 ℃) resulted in higher polymer 

molecular weights, but not to the extent that was expected, as summarized in Table 5-1, due to a 

significant broadening in the average molecular weight distribution of the polymer at lower 

temperature. The broadened dispersity measured for the polymer synthesized at 50 ℃ results 

from the occurrence of two distinct peaks seen in the GPC distribution, eluted at 19 and 25 

minutes. The second peak, which would arise from chains of lower MWs, is absent for the 

polymer synthesized at 70 ℃, shown in Figure 5.4. 
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Table 5-1: Molecular weight measurements of poly(PLA4ChMA), synthesized using a 10 wt.% monomer 

loading, at various reaction temperatures relative to a pullulan calibration 

Temperature 

(℃) 

Peak residence 

time (minutes) 

Mn 

(g/mol) 

Mw 

(g/mol) 

Đ 

 

50 

19.28 
751,000 1,783,000 

2.10 

25.13 
68,000 74,000 

1.10 

Average 276,000 1,242,000 4.49 

70 19.75 303,000 831,000 2.74 

 

 

 

 

 

Figure 5.4: (Top) Normalized RI response over time; (bottom) molecular mass distribution of 1 mg/mL 

solutions of poly(PLA4ChMA) synthesized from 10 wt.% macromonomer in aqueous solution with 0.22 

wt.% V-50 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

15 17 19 21 23 25 27 29

N
o

rm
al

iz
ed

 R
I s

ig
n

al
 

Retention time (minutes)

10%-50C 10%-70C

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

4 5 6 7 8

N
o

rm
al

iz
ed

 R
I s

ig
n

al

log(Mw)

10%-50C 10%-70C



 

54 

The low and high molecular weight peaks of poly(PLA4ChMA) synthesized at 50 ℃ were 

analyzed independently, and together, to capture the properties of the polymer. The high 

molecular weight peak has a similar dispersity compared to poly(PLA4ChMA) synthesized at 

70℃ and possesses significantly higher molecular weights, as might be expected from the lower 

reaction temperature. In contrast, the low molecular weight tail has a very low dispersity, but 

significantly reduces the overall molecular weights of the polymer. To better understand the 

reaction, samples were collected at 2, 4 and 8 h at 50 ℃ and analyzed using NMR and GPC. The 

NMR spectra, shown in Figure D1, Figure D2 and Figure D3 of Appendix D, indicate that an 

elevated conversion of approximately 90% is reached after 2 h at 50 ℃, and full conversion is 

achieved after 4 h. In contrast, at 10 wt. % and 70 ℃, 96% conversion was measured after 30 

minutes (shown in Figure D4 of Appendix D). Since elevated conversions were attained early in 

the sampling window used for this analysis, the GPC traces obtained from each sample do not 

definitively indicate when the low molecular weight peak is formed, but do suggest that the 

peaks are formed throughout the reaction as the peak occurs before full conversion is attained, 

shown in Figure 5.5. 
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Figure 5.5: Normalized RI response over time of poly(PLA4ChMA) samples polymerized at 50℃ with 10 

wt.% macromonomer in aqueous solution with 0.22 wt.% V-50 

Polymerizations using higher initial monomer content (20 wt.%) in water were also attempted at 

70 C, with the goal of increasing the molecular weight of poly(PLA4ChMA). However, 

significant precipitation and coagulation of the polymer occurred compared to the 

poly(PLA4ChMA) synthesized at the base condition of 10 wt.%. Poor polymer dispersibility, 

shown in Figure 5.6, was observed in 2.00 wt. % polymer mixed with process water and in even 

more dilute 1 mg/mL FA/LiBr solutions used for GPC analysis. The loss of stability of the 

polymer system using more concentrated monomer loadings could suggest that the higher 

molecular weight formulations of this polymer expected from these conditions are unable to 

form nanoparticles in aqueous solution, resulting in a loss of dispersibility at the same weight 

fraction (2.00 wt.%) that was successfully used for flocculations of the same polymer with lower 

molecular weight. These results indicate that the poor dispersion properties of the polymer at 

higher monomer loadings prevent the synthesis of poly(PLA4ChMA) flocculants with 

considerably higher molecular weights that would be advantageous for this application, as a 

water-soluble polymer is required for MFT treatment.  
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Figure 5.6: poly(PLA4ChMA) synthesized at 20 wt.% and 70 ℃ after synthesis (left); (right) as a 2.00 wt.% 

solution in synthetic process water 

Flocculations of a 5.0 wt.% solution of MFT prepared in process water were conducted with the 

polymer synthesized at 50 ℃ after dilution to 2.00 wt.%, following the same procedures used 

previously. Negligible settling rates were observed after addition of the polymer, as also found 

when flocculating the same source of MFT with poly(PLA4ChMA) synthesized at the standard 

conditions of 10 wt.% and 70 ℃. As summarized in Figure 5.7, similar compactions were 

observed after 24 hours, indicating that the increased molecular weight of the polymer 

synthesized at lower temperature did not result in noticeable differences in settling immediately 

after addition of the polymer to the tailings at low dosage. Furthermore, little difference in the 

compaction of the tailings was measured after degradation compared to those measured at 10 

wt.% and 70 ℃, and reduced overall compaction following degradation was measured using this 

source of MFT compared to the results obtained in the previous chapter.  



 

57 

 
Figure 5.7: Comparison of compactions using 5.0 wt.% MFT (source 2) in process water after flocculation 

at 500 ppm with poly(PLA4ChMA) synthesized at various temperatures 

As no improvements in the initial compactions or settling rates of 5.0 wt.% MFT were observed 

at low dosages by altering the polymerization conditions of poly(PLA4ChMA), flocculations 

with PAM homopolymers and PAM/PLA4ChMA (75/25 and 25/75 mol.%) copolymers were 

also attempted and compared to commercial flocculants. In previous research, CL-based 

degradable polymers and TMAEMC were polymerized with 70 mol.% AM at 10 wt.% monomer 

loading and 70 ℃, to determine if the expected improvements in molecular weight offered 

advantages in flocculations of dilute MFT suspensions [13]. Using an AM enriched copolymer, 

modest improvements in weight averaged molecular weight were achieved, from 770kDa with 

the degradable PCL2ChMA homopolymer to 940 kDa with the PCL2ChMA-AM copolymer [13]. 

However, these improvements in molecular weight did not result in improved flocculation as the 

reduction in charge density along the polymer chain resulted in more turbid supernatant using 

more elevated flocculation dosages in deionized water, ranging from 1000 to 5000 ppm [13].  In 

this research, similar copolymerization reactions were explored, this time tested by conducting 

MFT flocculations in process water.  
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The degradable cationic polymer copolymerized with nonionic AM at various mol fractions was 

added at a level of 500 ppm to flocculate 5.0 wt. % MFT in process water, with results shown in 

Figure 5.8. As more viscous polymer was produced in AM copolymers with PLA4ChMA, 0.02 

wt.% solutions (1.0 cSt) were used for flocculations with these copolymers rather than the typical 

2.00 wt.% dispersion used with the degradable homopolymer (1.48 cSt); this much higher 

viscosity suggests that the copolymer is likely fully soluble in water. Regardless of the 

acrylamide fraction in the copolymer negligible initial settling rates were observed, even though 

these polymers are of higher molecular weights and more hydrophilic than the poly(PLA4ChMA) 

homopolymer. This is consistent with previous studies conducted with significantly higher 

dosages in deionized water, that reported no improvement in ISR relative to the degradable 

homopolymer (Figure 5.1) [13]. This suggests that the higher molecular weights of the AM 

copolymers did not result in significant improvements in bridging in dilute MFT suspensions at 

low dosage. In addition, similar mudlines were observed between the copolymer and 

homopolymer in the previous study (Figure 5.1). However, the turbidity of the supernatant was 

not significantly affected with the MFT diluted in process water, consistent with the findings 

reported in Chapter 4 using commercial poly(acrylamides). Furthermore, no differences in 

compaction were measured after 24 hours using the AM copolymers, and similar additional 

compactions following degradation were measured with the non-degradable cationic commercial 

flocculant, SNF C3276, and the less hydrophobic AM-PLA4ChMA copolymers (as indicated by 

a t-test in Table D3 of Appendix D), suggesting that the polymer dosage is too low to offer 

meaningful advantages in dewatering the tailings.  
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Figure 5.8: Summary of solid compactions (left) and supernatant clarities (right) of 5.0 wt. % MFT (source 

2) in synthetic process water after treatment with 500 ppm poly(PLA4ChMA)/poly(acrylamide) 

copolymers, PAM homopolymer standard and commercial flocculants (prepared as a 0.02 wt.% solutions) 

To further study the influence of polymer molecular weight on the settling characteristics of 

flocculants in MFT at low dosage, the settling performance of poly(PLA4ChMA) was compared 

to a non-ionic PAM polymer standard and FLOPAM A3338, which have known weight-

averaged molecular weights of 5 MDa and 15 MDa, respectively. The results summarized in 

Figure 5.8 with the flocculants of varying molecular weights indicate little difference in the 

compactions achieved after 24 hours between poly(PLA4ChMA) (both homo and copolymers) 

and PAM. Moreover, negligible initial settling rates were measured using a 500 ppm dosage of 

these flocculants. In contrast, with FLOPAM A3338 an average initial settling rate of 8.5 ± 0.7 

m/h (detailed in Table D1 and Table D2 of Appendix D) was measured at the same dosage, 

accompanied by significantly improved compaction 24 hours after flocculation. The improved 

initial settling performance of FLOPAM A3338 compared to poly(PLA4ChMA) and its modified 

copolymers provides an indication of its suitability for thickening applications and the 

shortcomings of lower molecular weight flocculants at low dosage. 
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5.3.2 Flocculations using sequential dosing with FLOPAM A3338 and poly(PLA4ChMA) 

Since low initial compactions and settling rates are a limitation for application of the degradable 

cationic polymer under study, a sequential dosing method was evaluated using FLOPAM A3338 

and poly(PLA4ChMA) homopolymer. The goal of this experiment was to combine the benefits 

(high initial settling rates and 24 h compaction) of the high molecular weight industrial 

flocculant with the enhanced water recovery found with poly(PLA4ChMA) as it partially 

degrades. FLOPAM A3338 was first added to the tailings using a dose of 500 ppm, after which 

the supernatant was drained and a 500 ppm dose of poly(PLA4ChMA) was mixed with the 

compacted MFT before being added to a hot oil bath for accelerated degradation of the 

flocculant. A comparison of the compactions obtained through sequential dosing of anionic and 

cationic flocculants, shown in Figure 5.9, indicate that no improvement in the compaction of the 

tailings following degradation or supernatant solids was observed compared to FLOPAM A3338 

alone. This finding further demonstrates the limitations of the degradable polymer under study, 

since the degradation of the polyester units [16] did not translate to enhancements in water 

release beyond those previously measured with flocculations only employing FLOPAM A3338 

at the same dosage.  
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Figure 5.9: Summary of solids compactions and supernatant clarities of 5.0 wt. % MFT (source 2) in 

synthetic process water after treatment with 500 ppm FLOPAM A3338 (as a 0.02 wt.% solution) and 500 

ppm poly(PLA4ChMA) (as a 2.00 wt.% dispersion) 

5.3.3 Flocculations using industrial process water 

Process water samples received from CNRL were used for additional test work to assess how 

closely the compaction results from the synthetic process water relate to those conducted with 

actual samples. A comparison of the flocculation properties of anionic FLOPAM A3338 in 5.0 

wt.% MFT with synthetic and industrial process water, shown in Figure 5.10, indicate a slight 

reduction in the compaction of a 5.0 wt.% MFT suspension after both 24 h and 5 days at 75 ℃. 

This could be attributable to the lower ion concentration contained in the process water sample, 

detailed in Table B2 of Appendix B. The process water sample used to prepare the diluted MFT 

contained 330 ppm Na+ and 70 ppm Ca2+, which represents a significantly lower salt 

concentration relative to the synthetic sample (1000 ppm Na+, 100 ppm Ca2+). While this could 

lead to less efficient adsorption of the polymer on the tailing surface, the effect is minor. In 

addition, similar supernatant clarities were measured with both types of process water 

demonstrating that the synthetic process water used in the study is a reasonable representation of 

the actual material.  
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Figure 5.10: Comparison of solid compactions (top) and supernatant clarities (bottom) of 5.0 wt. % MFT 

in synthetic and industrial (sample) process water after treatment with 500 ppm FLOPAM A3338 (as a 

0.02 wt. % solution) 
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5.4 Conclusions 

Alternate reaction conditions were used to synthesize poly(PLA4ChMA) dispersions, with the 

goal of increasing polymer MW and thus improving the polymer’s ability to settle and compact 

MFT at low dosage. Using a lower reaction temperature (50 ℃) and a constant monomer loading 

of 10 wt.%, polymer with a molecular weight of approximately 1200kDa was synthesized 

compared to 800 kDa for the polymer synthesized at 70 ℃. However, with monomer loadings in 

excess of 10 wt.%, a loss of stability of the polymer system was observed, suggesting that it will 

be difficult to synthesize higher molecular weight flocculants for this application without adding 

a surfactant to the system. Using the higher molecular weight poly(PLA4ChMA) to flocculate 

dilute MFT suspensions did not improve the initial settling rate, initial compaction or compaction 

after degradation compared to the lower molecular weight polymer synthesized at the standard 

conditions of 70 ℃. This result suggests that the differences in MW were too small to impact 

flocculation performance at low dosages. Furthermore, negligible improvements in overall 

compaction following degradation were achieved using poly(PLA4ChMA) compared to its 

copolymers and non-degradable PAM in both comparative flocculation testing and through 

sequential dosing with FLOPAM A3338, indicating that the degradable polymer does not offer a 

meaningful advantage compared to available non-degradable flocculants when used in process 

water at these low dosages. As effective dewatering was achieved at the higher dosages (10,000 

ppm) used in the previous chapter, it can be concluded that the concentration of hydrophobic 

polymer chains may be too low to observe effective dewatering. In the upcoming chapter, the 

long-term consolidation of MFT with poly(PLA4ChMA) will be evaluated using undiluted MFT 

and compared to its non-degradable analog, poly(TMAEMC), and FLOPAM A3338 to 
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determine if any advantages arise from the implementation of this flocculant in undiluted MFT 

or for filtration applications.   
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Chapter 6                                                                                                        

Flocculation and filtration with undiluted MFT 

6.1 Introduction  

The research contained in this thesis has focused primarily on flocculations in dilute MFT 

suspensions. While this type of analysis is common and provides a relative indication of 

flocculant performance, it does not necessarily correlate with the field performance of a 

flocculant in a settling pond with elevated MFT weight fractions (around 30 wt.%) [3], [18]. 

Thus, the final chapter of this thesis will examine the flocculation performance of 

poly(PLA4ChMA) and poly(TMAEMC) using undiluted MFT to determine whether these 

flocculants offer significant advantages over FLOPAM A3338 at higher weight fractions using 

conditions and lab procedures that more accurately mimic those used in an industrial setting. 

In previous chapters, it was established that FLOPAM A3338 has significantly higher molecular 

weights than the cationic flocculants under study, resulting in faster initial settling rates; in 

addition, similar overall tailings compactions were achieved compared to poly(PLA4ChMA) 

following degradation. However, the advantages of FLOPAM A3338 were only apparent when 

preparing dilute MFT suspensions in process water, since the ions enhanced its flocculation 

performance; in deionized water the anionic flocculant exhibited poor settling performance, even 

at elevated dosages. While FLOPAM A3338 has good settling properties in dilute MFT 

suspensions, making it effective for thickening applications, it is hydrophilic and entrains water 

into the flocs, resulting in slow densification after treatment [7], [29]. Thus, it is worth 

investigating whether more rapid water release will be observed with poly(PLA4ChMA) in 

undiluted MFT compared to the anionic control flocculant, FLOPAM A3338.  
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This chapter examines the properties of cationic flocculants in undiluted MFT using the 

characterization techniques developed by our collaborators at NAIT, who specialize in 

performance testing of commercial flocculants for oil sands applications. Therefore, the 

procedures used in this chapter are very different from those used in other sections of this thesis. 

The work described in this section was conducted under the guidance of Dr. Heather Kaminsky, 

using NAIT’s flocculation and characterization procedures. First, optimized dosages for 

flocculation of undiluted MFT were determined using capillary suction time (CST) 

measurements, which correlate to the dewaterability of the flocs to the measured time required 

for water to pass through a capillary [44]. A dosage response curve can be generated by testing 

the CST of the tailings immediately after flocculation, with the smallest CST corresponding to 

the optimized dosage for a given flocculant. Next, these optimized dosages were used with 

undiluted MFT, with the rate of water release of the degradable and non-degradable cationic 

flocculants, poly(PLA4ChMA) and poly(TMAEMC), compared to that of untreated MFT and 

anionic FLOPAM A3338 using a pressure filtration setup. The elevated cost of pressure filtration 

has made it unfavourable for MFT treatment in the past, but is emerging as a more attractive 

alternative as environmental regulations become more stringent [5], [55]. The filtration of treated 

MFT following flocculation, has been demonstrated to accelerate dewatering compared to 

filtration alone [55], and researchers are exploring methods of improving the process by using 

flocculants to first bridge the particles [19], [56]. Pressure filtration has been successfully 

employed to characterize the filterability of various flocculants by examining the net water 

release (NWR) or specific resistance to filtration (SRF) of flocculated MFT [57], and is an ideal 

method for estimating the long-term settling performance of flocculants in a compressed time 

frame [58].   
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6.2 Experimental 

6.2.1 Flocculant preparation 

All flocculants were prepared in industrial process water, provided by NAIT (composition 

detailed in Table E1 and Table E2 of Appendix E). FLOPAM A3338 was prepared to 0.45 wt.% 

in process water, while poly(TMAEMC) and poly(PLA4ChMA) were prepared to 4.00 wt.% and 

2.00 wt.%, respectively. Cationic flocculants were prepared in more concentrated solutions since, 

as discussed in section 6.3, their optimized dosages were found to be significantly higher than 

FLOPAM A3338.  

6.2.2 Flocculation of undiluted MFT  

300 g of mixed undiluted MFT (approximately 25 wt. %, with characterization detailed in Table 

E1 in Appendix E), was added to a 500 mL baffled beaker. Flocculant was added in 5 mL 

increments with high mixing (600 rpm) during dosing, until the desired dosage was attained. 

Mixing was reduced to 200 rpm after addition of the final flocculant increment for 30 seconds. 

6.2.3 Capillary suction time (CST) measurements of undiluted MFT 

Immediately after flocculation, flocs were transferred to a Triton Electronics 319 CST apparatus, 

as detailed in Chapter 3. CST measurements were done in triplicate and averaged to generate 

dosage response curves. Error bars correspond to the standard deviation of the CST 

measurements.  

6.2.4 Net water release of flocculated tailings 

Flocculated tailings were transferred to a sieve. A bucket was placed under the sieve to capture 

any water released from the tailings. After 24 hours, the water released from the tailings was 

weighed. A sample of the tailings was transferred to a weighed aluminum dish and dried in an 
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oven at 70 ℃ overnight. The mass of dry tailings was calculated to determine compaction of the 

flocculated tailings.  

6.2.5 Specific resistance to filtration (SRF) 

As detailed in Chapter 3, specific resistance to filtration was used to evaluate the long-term 

settling characteristics of undiluted MFT following flocculation with the polymers at the 

optimized dosages determined by CST and summarized in Table 6-1. The filterability of the 

MFT samples flocculated with poly(PLA4ChMA) and poly(TMAEMC) were also assessed after 

degradation at high temperature. First, 300 g MFT samples were flocculated with 4.00 wt.% 

poly(TMAEMC) and 2.00 wt.% poly(PLA4ChMA) at their respective optimum dosages. After 

flocculation, the tailing samples were covered with aluminum foil and placed in an oven at 75 ℃ 

for 5 days, after which the supernatant from the settled solids was drained and weighed. The 

sample size of the subsequent SRF test was the difference between the 250 g test basis 

(previously used) and the measured mass of the supernatant. For example, if 50 g of water was 

removed as supernatant from a flocculated tailing sample after degradation, 200 g of the 

flocculated tailings sludge would be filtered under pressure. To standardize the presentation of 

results, the initial starting point of the net water release curves plotted in this chapter represents 

the difference between the weighed supernatant following degradation and the added volume of 

flocculant during dosing (relative to the 250 g filtration loading).  
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Table 6-1: Summary of resistance to filtration testing (each test completed in triplicate) 

Flocculant Optimal dosage (ppm) Tested after degradation? 

(Yes/No) 

Untreated 0 N 

FLOPAM A3338 1500 N 

Poly(PLA4ChMA) 20,000 N 

Poly(TMAEMC) 10,000 N 

Poly(PLA4ChMA) 20,000 Y 

Poly(TMAEMC) 10,000 Y 

 

6.3 Results and Discussion 

6.3.1 Optimization of flocculant dosage  

Dosages of cationic flocculants were first optimized by measuring the capillary suction time 

(CST) of the MFT flocs immediately after flocculation. The dosage response curves for 

poly(TMAEMC) and poly(PLA4ChMA) are shown in Figure 6.1, with the optimum dosages 

corresponding to the minimum CST value, approximately 10,000 and 20,000 ppm for 

poly(TMAEMC) and poly(PLA4ChMA), respectively. As poly(PLA4ChMA) exists as a 

suspension of relatively low viscosity compared to the MFT slurry, the CST measurements do 

not rise at dosages beyond 20,000 ppm. In contrast, poly(TMAEMC) exhibits a minimum, with 

dosages in excess of 10,000 ppm having a detrimental impact on the dewaterability of the flocs; 

the expected improvements in water release from increased flocculant levels are offset by the 

reduction in dewaterability caused by the increased viscosity of the tailings mixture from the 

added flocculant. These optimum dosages measured for the cationic flocculants correspond well 

with those used for flocculations with MFT diluted in deionized water [13], [14]. However, these 

dosages are considerably higher than those required for commercial flocculants; as shown in 

Figure 6.2, an optimum FLOPAM A3338 dosage of approximately 1500 ppm was measured by 
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NAIT researchers.  This result highlights a significant disadvantage of the cationic flocculants 

under study: their optimized dosages are an order of magnitude larger than those required with 

commercial flocculants. 

  
Figure 6.1: Capillary suction time measurement of MFT flocs after treatment with poly(TMAEMC) (left) and 

poly(PLA4ChMA) (right) at varying dosages 

 

 

Figure 6.2: Capillary suction time measurement of MFT flocs after treatment with FLOPAM A3338 at 

varying dosages (used with permission of NAIT researchers) 
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6.3.2 Net water release of undiluted MFT following flocculation and filtration 

Net water release experiments were conducted by adding anionic FLOPAM A3338 and cationic 

poly(TMAEMC) and poly(PLA4ChMA) to undiluted MFT at their respective optimum dosages; 

this test determines effectiveness in dewatering undiluted tailings by determining the amount of 

water released from the tailings when placed in a sieve for 24 hours following flocculation 

without added pressure. FLOPAM A3338 exhibited significant net water release following 

flocculation, resulting in a compacted sediment of 39.0 wt.% after 24 hours (relative to an initial 

MFT of approximately 25 wt.%). However, negligible net water release was achieved from the 

samples flocculated with poly(TMAEMC) and poly(PLA4ChMA) at their optimum dosages 

showing that these lower molecular weight cationic flocculants are less effective in single-step 

flocculations of undiluted tailings compared to commercial alternatives.  

Pressure filtration was evaluated following flocculation with commercial and cationic flocculants 

at their optimum dosages using a basis of 250 g MFT, without additional removal of water. The 

motivation of this work was to determine whether the addition of an added force following 

flocculation resulted in significant dewatering with the cationic flocculants, and to evaluate the 

water release during filtration with the novel degradable flocculant, poly(PLA4ChMA). 

Generally, this method provides a representative description of the relative dewatering rates of 

MFT in less than 48 hours [58], and is suitable for evaluating the degradable flocculant as its 

potential benefits are expected to become more evident over time. The base case result for the 

SRF test is untreated MFT. As shown in Figure 6.3, the water release with time is slow but 

reaches a level of 155 g over the course of the 18 h test. Thus, the remaining sludge weighs 95 g, 

with a measured solids content of 73.5 wt.%. 
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Figure 6.3: Net water release over time during filtration following flocculation with FLOPAM (1500ppm), 

poly(TMAEMC) (10,000ppm) and poly(PLA4ChMA) (20,000ppm)  

In the presence of added flocculant solution, the net water release curves were corrected for the 

added mass of water added with the flocculant, relative to the 250 g filtration loading. This was 

18.5 g for the flocculation with FLOPAM A3338; thus, the water release curve starts at a value 

of -18.5 g. As seen by its curve in Figure 6.3, FLOPAM A3338 does not offer faster initial water 

release during the first hour of filtration compared to the untreated MFT, and the overall water 

release is lower than untreated MFT, as summarized in Table 6-2. While the rate of dewatering is 

accelerated from the formation of aggregates following flocculation, as indicated by the faster 

rate of dewatering between 100 and 700 min, polyacrylamide based flocculants such as 

FLOPAM A3338 are hydrophilic and entrap water in the tailings sludge, leading to reduced 

overall dewatering compared to the untreated MFT [14]. The cationic flocculants result in much 

faster initial dewatering than FLOPAM A3338, a promising result. However, the net water 

released was lower than that for untreated MFT, suggesting that the undegraded cationic 

flocculants also cause the solids to retain increased water following treatment. Note that the 

curves for the tests with the cationic polymers start at a lower initial point, as significant amounts 
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of flocculant solution were added to the MFT in order to achieve the high optimum dosages. 

While the total amount of water released after treatment with poly(TMAEMC) and 

poly(PLA4ChMA) was similar, the net released by poly(PLA4ChMA) was lower due to its higher 

optimum dosage (20,000 vs 10,000 ppm). Thus, it was found that poly(TMAEMC) results in 

improved net water release at its optimum dosage compared to poly(PLA4ChMA), and thus 

better compaction of the tailings. Compaction measurements collected with poly(PLA4ChMA) 

were more elevated than expected, based on a comparison of the net water release and measured 

solids content after filtration. This suggests incomplete drying of the filtered cake after 24 hours, 

as the excess water initially contained in the poly(PLA4ChMA) samples compared to those 

treated with poly(TMAEMC) and untreated MFT could require longer drying times than 

predicted. Although the accuracy of the measurements collected with poly(PLA4ChMA) is 

questionable, the results do demonstrate that no improvement in dewatering was measured both 

before and after degradation compared to poly(TMAEMC). 

Table 6-2: Summary of net water releases and cake compactions from filtration experiments 

Flocculant Net water 

released after 

1h (g) 

Net water 

release 

(g) 

Solids content 

after filtration 

(wt.%) 

Filtration 

done after 

degradation 

(Yes/No) 

Untreated 34.8 155.3 73.5 ± 0.1 N 

FLOPAM A3338 41.7 144.5 69.0 ± 9.0 N 

Poly(PLA4ChMA) 112.0 117.1 65.4 ± 0.2 N 

Poly(TMAEMC) 129.0 139.0 68.1 ± 5.1 N 

Poly(PLA4ChMA) 79.6 127.0 66.8 ± 10.3  Y 

Poly(TMAEMC) 128.7 136.0 64.9 ± 0.8 Y 
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Thermal degradation studies were also conducted to determine if the degradation of the 

poly(PLA4ChMA) polyester groups resulted in significant improvements in dewaterability 

during pressure filtration compared to the nondegradable poly(TMAEMC). The degradation 

procedure followed that from previous chapters of this thesis: immediately after flocculation, the 

tailings were transferred to an oven set to 75 ℃ for 5 days. As expected, appreciable water 

release was observed with poly(PLA4ChMA) after degradation, while little water release was 

seen with poly(TMAEMC), shown in Figure 6.4.  

 

Figure 6.4: Comparison of water release of flocculated tailings after degradation at 75℃ for 5 days between 

poly(PLA4ChMA) (left) and poly(TMAEMC) (right) 

The amount of water removed from poly(PLA4ChMA) following degradation did result in 

improved initial net water release, shown in Figure 6.5, as the measured water removed from the 

sample following degradation exceeded the added flocculant volume relative to a 250 g filtration 

loading. However, the subsequent rate of dewatering measured by the pressure filtration test was 

found to be significantly slower compared to the curve obtained with undegraded 

poly(PLA4ChMA). Furthermore, the degradation did not result in significant improvement in 

either the overall net water release or the compaction of the sample, as summarized in Table 6-2. 
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In contrast, no change in the net water release profile was observed before and after the MFT 

sample treated with poly(TMAEMC) was held under the same degradation conditions. This 

finding not only confirms that poly(TMAEMC) does not degrade, it also demonstrates the 

reproducibility of the SRF test procedure. The reduction in the rate of water release observed 

after partial poly(PLA4ChMA) degradation could be attributable to the cleavage of the cationic 

functionality of the flocculant during degradation, as previous NMR studies have shown that the 

choline units containing the cationic functionality are released during degradation [16]. The 

occurrence of degradation products in the water filtered from the tailings is evident, as a strong 

yellow colour was observed in tests conducted with poly(PLA4ChMA) (Figure 6.6). A separate 

study to understand the environmental impact of the degradation products occurring from the use 

of this flocculant is underway.  

  

Figure 6.5: Net water release over time during filtration following flocculation and degradation at 75℃ for 

5 days with poly(TMAEMC) and poly(PLA4ChMA) 
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Figure 6.6: Comparison of water released following filtration after treatment with poly(PLA4ChMA) (left) 

and poly(TMAEMC) (right) 

 

6.4 Conclusions 

Several important conclusions about the feasibility of applying poly(PLA4ChMA) to aid in the 

consolidation of undiluted oil sands tailings can be made from the results collected in this 

chapter. With assistance and collaboration from NAIT, techniques used by industry professionals 

were implemented to assess the flocculation performance of poly(PLA4ChMA) with undiluted 

MFT in comparison to non-degradable poly(TMAEMC) and a commercial standard, FLOPAM 

A3338. Optimization of dosages using CST demonstrated that significantly higher dosages are 

required to achieve dewatering with cationic flocculants in undiluted MFT, relative to those 

obtained with FLOPAM A3338. In addition, no net water release was observed after 24 hours 

following flocculating of the undiluted tailings with the cationic flocculants at their optimized 

dosages. A two-step flocculation-filtration process developed by NAIT  to evaluate the water 

release profile attainable under field conditions was then applied to determine whether the 

degradable cationic flocculant results in enhanced net water release when treating undiluted MFT 

compared to a nondegradable cationic polymer, untreated MFT, and FLOPAM A3338. The net 
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water release profiles demonstrate that the cationic flocculants provide significantly faster rates 

of water release during filtration compared to FLOPAM A3338. Despite this, both cationic 

flocculants and the commercial anionic flocculant resulted in lowered solids compaction 

compared to that achieved by filtration of the untreated MFT, suggesting that both tested cationic 

flocculants retain water into the treated tailings in the absence of degradation.  

A considerable amount of water was released from the poly(PLA4ChMA)-treated MFT when 

held under accelerated degradation conditions, with none observed for the MFT sample 

flocculated with the non-degradable poly(TMAEMC). In addition, the shape of the water release 

curve changed significantly for the MFT treated with poly(PLA4ChMA) after being held under 

degradation conditions, while no difference was seen in the curves for poly(TMAEMC)-treated 

MFT before and after being held 5 days at 75 C. However, the cleavage of the polyester unit 

had a detrimental impact on the rate of MFT dewatering during pressure filtration, likely because 

the degradation cleaves the cationic functionality from the flocculant. Moreover, the overall net 

water release of the treated MFT after the degradation period remains worse than that of 

poly(TMAEMC)-treated material.  
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Chapter 7                                                                                                          

Conclusions and Recommendations 

7.1 Conclusions 

This research investigated the properties of poly(PLA4ChMA) as a potential flocculation agent 

for enhanced dewatering of MFT. While previous research had shown the advantages of 

degradable caprolactone and lactide containing degradable polymers [13], [14], [15], the 

conclusions were drawn from studies that focused primarily on flocculation at elevated dosages 

(10,000 ppm) using dilute MFT suspensions (5.0 wt.%), prepared in deionized water. The goal of 

this thesis was to test performance under conditions that more closely represent how the material 

would be implemented in the field.  

First, the settling performance of the polymeric flocculant in dilute 5.0 wt.% MFT suspensions 

prepared in both deionized water and process water was evaluated and compared to commercial 

polyacrylamide flocculants such as anionic FLOPAM A3338. As previously observed [14], [15], 

using 5.0 wt.% MFT in deionized water led to continued dewatering with poly(PLA4ChMA) at 

10,000 ppm during accelerated degradation studies, while non-degradable cationic flocculants 

such as poly(TMAEMC) did not. In addition, anionic FLOPAM A3338 was ineffective at 

flocculating 5.0 wt.% MFT prepared in deionized water at all dosages tested. Using process 

water to prepare the dilute MFT mixture led to significant improvements in settling performance 

with both degradable cationic flocculants and commercial anionic flocculants. Poly(PLA4ChMA) 

dosages as low as 500 ppm achieved similar compactions and supernatant clarities as those 

obtained at dosages an order of magnitude larger in deionized water. However, at the same 

dosages of 500 ppm, the anionic flocculant offered similar performance as achieved with 



 

79 

poly(PLA4ChMA) after accelerated degradation, while offering ISRs significantly faster (5 to 8 

m/h) than those measured with the novel degradable cationic flocculant (<0.4 m/h). The 

observed improvements in settling, particularly with anionic flocculants, indicate that the 

presence of ions in solution enhance flocculation by acting as salt linkages between the tailings 

and polymer. These findings indicate that maintaining the water chemistry of the tailings, even 

during dilution of MFT, is critical in evaluating the flocculation characteristics of polymers.  

As the advantages of poly(PLA4ChMA) compared to higher molecular weight FLOPAM A3338 

disappeared at the lower dosages used to flocculate 5.0 wt.% MFT in process water, the 

influence of MW and composition on performance were evaluated. The polymerization 

conditions of the macromonomer were altered by changing the temperature and monomer 

loading with the goal of increasing MW to improve the flocculation performance of 

poly(PLA4ChMA). Reducing the polymerization temperature from 70 to 50 ℃ resulted in only a 

modest increase in molecular weights from 831 to 1200 kDa. However, this increase did not 

result in notable improvements in settling performance at the low dosages used to treat the dilute 

MFT suspensions in process water. Using higher monomer loadings of 20 wt.% during 

polymerization at 70 ℃ resulted in the formation a highly viscous gel, which could not be further 

dispersed in aqueous solution for flocculation. Thus, the range of operating conditions that can 

be used to polymerize the macromonomer nanodispersion [14], [46] is limited by the system 

stability, and higher MW material could not be produced. Thus, an attempt to further increase 

polymer molecular weight through copolymerization with AM was made. However, the 

relatively small increases in molecular weight did not result in improved flocculation 

performance even after degradation compared to existing commercial alternatives, despite the 

increased hydrophilicity of the copolymer. These findings indicate that it would be difficult to 
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find operating conditions to synthesize poly(PLA4ChMA) of significantly higher MW than those 

tested in the current study, noting that the molecular weights of FLOPAM A3338, commonly 

implemented for thickening applications, are an order of magnitude higher [15], [27].  

With no advantage found for poly(PLA4ChMA) compared to anionic FLOPAM A3338 for 

flocculation of dilute MFT suspensions in process water, further study was conducted with 

undiluted MFT. The optimum dosages required for flocculation of undiluted MFT by the 

poly(TMAEMC) and poly(PLA4ChMA) cationic flocculants were 10,000 and 20,000 ppm, 

respectively, considerably higher than the 1500 ppm optimized dosage with FLOPAM A3338. In 

addition, FLOPAM A3338 provided a positive net water release after 24 hours in the absence of 

an external force, while the cationic flocculants did not produce any net water release when 

flocculating undiluted MFT. Pressure flocculation-filtration studies evaluated at the optimized 

dosages revealed that the cationic flocculants offer significantly faster rates of net water release 

than FLOPAM A3338. However, the total net water release achieved by poly(TMAEMC) was 

better than that achieved by the hydrophobic poly(PLA4ChMA), both before and after 

degradation. Poly(TMAEMC) provided better net water release prior to accelerated degradation 

compared to after, despite the considerable water released during the five-day accelerated 

degradation period. In addition, the degraded product resulted in slower rates of water release 

compared to poly(TMAEMC) during filtration, likely due to the cleavage of the cationic 

functionality during degradation. Finally, both before and after degradation, poly(PLA4ChMA) 

did not offer better compactions than FLOPAM A3338, suggesting that the hydrophobic 

component of the polymer is not offering a significant advantage compared to available 

commercial flocculants.  
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7.2 Recommendations 

The research summarized in this thesis investigated the settling properties of poly(PLA4ChMA) 

in both dilute and concentrated MFT using various techniques. In dilute MFT, advantages of the 

degradable cationic flocculant were observed at high dosages in deionized water as continued 

dewatering was observed during accelerated degradation experiments compared to non-

degradable analogs and available commercial flocculants. However, similar experiments in 

process water and using undiluted MFT resulted in large differences in performance which 

altered the outlook of the polymer for flocculation of MFT. The findings from this research 

suggest that poly(PLA4ChMA) does not exceed the performance of available polyacrylamide 

flocculants using undiluted MFT at low dosages and lacks the required improvements in 

dewatering at more elevated dosages and MFT weight fractions to justify its use for this 

application. However, degradable polymeric flocculants, such as poly(PLA4ChMA) and its 

analogs, may be valuable in related applications, such as wastewater treatment. Specifically, 

cationic flocculants have been found to be especially useful in reducing the organic matter 

contained in agricultural waste, such as olive mill wastewater (OMW) [59], [60], [61], while also 

achieving higher reductions in chemical oxygen demand (COD) and biochemical oxygen 

demand (BOD5) and reducing sludge volume compared to lime coagulants [59], [60], [62]. A 

recent study found that the use of cationic polyelectrolytes reduced the volume of sludge 

produced by 60-70% compared to sludge produced from alum alone [62]. Thus, 

poly(PLA4ChMA) is a potential candidate as a flocculating agent in wastewater treatment. 

Future studies could investigate the effectiveness of poly(PLA4ChMA) in removing total 

suspended solids, total chemical oxygen demand and turbidity of wastewater sludges compared 

to alum or ferric chloride. 
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Appendix A-Supporting information for Chapter 3 

 

 

 

 

 

Figure A1: NMR of synthesized PLA4De in CDCl3 (top) compared to standard synthesized in previous work 

(bottom) [14] 
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Figure A2: NMR of synthesized PLA4DeMA in CDCl3 (top) compared to standard synthesized in previous 

work (bottom) [14] 
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Figure A3: NMR of synthesized PLA4ChMA in CDCl3 (top) compared to standard synthesized in previous 

work (bottom) [14] 
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Table A1: Comparison of the resultant MFT solids compaction in 100 and 250 mL cylinders before and after 

thermal degradation using PLA4ChA 

 Solids content after 24 hours (wt.%) Solids content after thermal degradation 

(wt.%) 

Dosage 

(ppm) 

100 mL 

cylinder 

250 mL 

cylinder 

Difference 

(%) 

100 mL 

cylinder 

250 mL 

cylinder 

Difference 

(%) 

1000 11.7 10.9 7.6 20.1 20.3 1.2 

3000 11.7 10.8 8.6 23.1 20.0 15.5 

5000 11.7 11.3 3.5 17.7 20.6 13.8 

 

Table A2: Comparison of the resultant MFT solids compaction in 100 and 250 mL cylinders before and after 

thermal degradation using PLA4ChMA 

  Solids content after 24 hours (wt.%) Solids content after thermal degradation 

(wt.%) 

Dosage (ppm) 100 mL 

cylinder 

250 mL 

cylinder 

Difference 

(%) 

100 mL 

cylinder 

250 mL 

cylinder 

Difference 

(%) 

1000 12.0  11.5 4.16 20.2 20.1 0.50 

 

 

Table A3: Comparison of supernatant clarities after 24 hours at 1000 ppm using 2.00 wt.% 

poly(PLA4ChMA) in 5.00 wt.% MFT in process water 

Cylinder 

size 

Supernatant clarity after 

24 hours (wt.%) 

Average supernatant clarity 

after 24 hours (wt.%) 

Standard 

deviation (wt.%) 

 

100 mL  

0.26  

0.24  

 

0.06 
0.17 

0.28 

 

250 mL  

0.18  

0.20  

 

0.02 
0.22  

0.20 
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Table A4: Initial settling rate data from flocculated 5.0 wt.% MFT in process water using 500 ppm FLOPAM 

A3338 in 100 mL cylinder 

Time (minutes) Volume (mL) 

0 93 

0.5 68 

1.0 65 

2.0 64 

3.5 58 

6.5 52 

12 48 

19.5 45 

37 42 

45 41 

50 40 

57 40 

 
i) Calculate the mudline level using the cylinder dimensions  

 

𝑽 = 𝝅𝒓𝟐𝒉 

 

Solve for the height, 

 

𝒉 =
𝑽

𝝅𝒓𝟐
 

 

The 100 mL cylinders used have a diameter of 28mm,  

 

𝒉 =
𝟗𝟑 × 𝟏𝟎−𝟔 m3

𝝅(
𝟐𝟖 mm × 𝟎. 𝟎𝟎𝟏

m
mm

𝟐
 )𝟐

= 𝟎. 𝟏𝟓 m 
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Figure A4: Normalized mudline of 5.0 wt.% MFT in process water flocculated with 500 ppm FLOPAM in 

100 mL cylinder 

 

Using the first two data points to determine the slope, calculate the ISR,  

 
Figure A5: Linear section of normalized mudline of 5.0 wt.% MFT in process water flocculated with 500 ppm 

FLOPAM in 100 mL cylinder 

 

ISR (
m

h
) = slope  × initial mudline height   

ISR (
m

h
) = 𝟎. 𝟓𝟑𝟕𝟔 min-1 × 𝟎. 𝟏𝟓 m ×  𝟔𝟎

minutes

h
= 𝟒. 𝟖

m

h
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The measured ISR for 5.0 wt.% MFT in process water flocculated with 500 ppm 

FLOPAM is 4.8 m/h.  
 

Table A5: Initial settling rate data from flocculated 5.00 wt.% MFT in process water using 10,000 ppm 

poly(PLA4ChMA) in 100 mL cylinder (replicate 1) 

Time (minute) Height (m) Normalized Volume (mL) 

0.0 0.16 1.00 100 

1.0 0.16 0.97 97 

2.0 0.15 0.94 94 

3.0 0.15 0.90 90 

4.0 0.14 0.87 87 

5.0 0.13 0.82 82 

7 0.11 0.70 70 

ISR  0.41   
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Table A6: Initial settling rate data from flocculated 5.00 wt.% MFT in process water using 10,000 ppm 

poly(PLA4ChMA) in 100 mL cylinder (replicate 2) 

Time (minute) Height (m) Normalized Volume (mL) 

0.0 0.15 1.00 91 

1.0 0.14 0.98 89 

2.0 0.14 0.96 87 

3.0 0.13 0.86 78 

6.0 0.12 0.78 71 

8.0 0.09 0.62 56 

13 0.08 0.55 50 

17 0.08 0.52 47 

ISR (m/h) 0.43   

 

Table A7: Initial settling rate data from flocculated 5.00 wt.% MFT in process water using 10,000 ppm 

poly(PLA4ChMA) in 100 mL cylinder (replicate 3) 

Time (minute) Height (m) Normalized Volume (mL) 

0.0 0.16 1.00 100 

2.5 0.15 0.95 95 

5.0 0.15 0.90 90 

10.0 0.13 0.77 77 

14.0 0.11 0.66 66 

18.0 0.10 0.60 60 

21 0.10 0.59 59 

ISR (m/h) 0.21   
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Appendix B-Characterization of MFT and process water 

 

Table B1: Characterization of MFT sources 

Characterization 

technique 

Compound 

or ion 
MFT 1 

(Coanda) 

MFT 2 

(Innotech) 

MFT 3 

(Innotech) 

Dean Stark 

analysis (wt.%) 

Water 61.2 77.20 68.30 

Solids 34.7 21.74 27.28 

Bitumen 2.1 0.97 3.47 

 

Atomic absorption 

spectroscopy 

(ppm) 

Na+ 251.4 883.0 667.0 

K+ 19.8 21.5 15.1 

Ca2+ 10.1 19.7 22.1 

Mg2+ 20.3 27.8 14.1 

MBI  

(meq/100 mL) 

- - 9.55 9.80 

d10 

(microns) 

- - 1.01 1.03 

d50 

(microns) 

- - 6.49 6.73 

d90 

(microns) 

- - 39.61 40.14 
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Table B2: Analysis of process water samples provided by CNRL 
  UNITS Sample  

Calculated Parameters     
Hardness (CaCO3) mg/L 300 

Calculated Relative Density N/A 1.000 

Calculated Total Dissolved 
Solids 

mg/L 1200 

Measured Properties   

Alkalinity (Total as CaCO3) mg/L 400 

Bicarbonate (HCO3) mg/L 490 

Carbonate (CO3) mg/L <1.0 

Hydroxide (OH) mg/L <1.0 

Dissolved Chloride (Cl) mg/L 136.5 

Dissolved Sulphate (SO4) mg/L 340.7 

Hydrogen Sulphide (H2S) N/A FALSE 

pH N/A 8.16 

Conductivity uS/cm 1870 

Refractive Index @ 25 °C N/A 1.333 

Resistivity @ 25 °C ohm-m 5.34 

Total Dissolved Solids mg/L 1290 

Calculated Parameters   

Milliequivalents Sodium (Na) meq/L 14.4 

Milliequivalents Potassium 
(K) 

meq/L 0.492 

Milliequivalents Calcium 
(Ca) 

meq/L 3.49 

Milliequivalents Magnesium 
(Mg) 

meq/L 2.54 

Milliequivalents Barium (Ba) meq/L 0.0036 

Milliequivalents Strontium 

(Sr) 
meq/L 0.0267 

Milliequivalents Iron (Fe) meq/L 0.0014 

Milliequivalents Chloride 
(Cl) 

meq/L 3.85 

Milliequivalents Bicarbonate 
(HCO3) 

meq/L 8.00 

Milliequivalents Sulphate 
(SO4) 

meq/L 7.10 

Milliequivalents Carbonate 
(CO3) 

meq/L <0.02 

Milliequivalents Hydroxide 
(OH) 

meq/L <0.03 

Dissolved Metals by ICP   

Dissolved Barium (Ba) mg/L 0.24 

Dissolved Calcium (Ca) mg/L 69.9 

Dissolved Iron (Fe) mg/L 0.04 

Dissolved Magnesium (Mg) mg/L 31.0 

Dissolved Potassium (K) mg/L 19.2 

Dissolved Sodium (Na) mg/L 330 

Dissolved Strontium (Sr) mg/L 1.17 
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Appendix C-Supporting information for Chapter 4 

 

Table C1: Evaluation of the statistical significance of poly(PLA4ChMA) dosage on compaction of 5.0 wt.% 

MFT in process water using a two-tailed t-test at a confidence level of 95% 

Compaction 

dataset 

Dosage 

(ppm) 

Mean Standard 

deviation 

t P value 

(p<0.05) 

Significant? 

(Y/N)_ 

24 h  500 10.9 1.0 0 1.00 - 

1000 12.0 1.0 1.4 0.23 N 

3000 11.9 0.7 2.6 0.06 N 

 

Degradation 

500 20.7 1.0 0 1.00 - 

1000 20.2 0.7 0.7 0.52 N 

3000 19.3 2.0 1.1 0.33 N 

 

Table C2: Evaluation of the statistical significance of compactions of 5.0 wt.% MFT in process water with 

poly(PLA4ChMA), FLOPAM A3338 and SNF C3276 at 500 ppm using a two-tailed t-test at a confidence level 

of 95% 

Flocculant Compaction 

dataset 

Mean Standard 

deviation 

t P value 

(p<0.05) 

Significant? 

(Y/N) 

poly(PLA4ChMA) 24 h 10.9 1.0 0 1.00 - 

Degradation 20.7 1.0 0 1.00 - 

FLOPAM 24 h  15.3 0.3 7.3 0.01 Y 

Degradation 18.7 0.5 3.3 0.03 Y 

SNF C3276 24 h 10.2 1.0 0.9 0.42 N 

Degradation 18.4 1.0 5.6 0.01 Y 

 

Table C3: Comparison of settling of 5.0 wt. % MFT tailings (source 1) treated using 500 ppm of 

poly(PLA4ChMA) (prepared as a 2.00 wt. % dispersion) and FLOPAM anionic and SNF cationic flocculants 

(prepared as 0.02 wt.% solutions) 

Flocculant Initial 

compaction 

after 24 

hours 

(wt.%) 

Supernatant 

solids after 

24 hours 

(wt.%) 

Compaction 

after 

degradation* 

(wt.%) 

Supernatant 

solids after 

degradation 

(wt.%) 

poly(PLA4ChMA) 10.9 0.25 20.7 0.20 

FLOPAM 15.3 0.21 18.7 0.17 

SNF C3276 10.2 0.24 18.4 

 

0.21 
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Table C4: Summary of solid compactions and supernatant solids of 5.0 wt.% MFT (source 2) in process 

water after treatment with poly(PLA4ChMA) (as a 2.00 wt.% dispersion) at various dosages 

Dosage 

 

Average 

solids content 

(wt.%) 

Average 

supernatant 

clarity (wt.%) 

Average solids 

content (wt.%) after 

degradation 

Average supernatant 

clarity (wt.%) after 

degradation 

500 11.2  0.23 15.8 0.31  

1000 11.5   0.26 14.9 0.26 

3000 11.9   0.33 16.8 0.28 

 

 

Table C5: Summary of solid compactions and supernatant solids of 5.0 wt.% MFT (source 3) in process 

water after treatment with poly(PLA4ChMA) (as a 2.00 wt.% dispersion) at various dosages 

Dosage 

 

Average 

solids content 

(wt.%) 

Average 

supernatant 

clarity (wt.%) 

Average solids 

content (wt.%) after 

degradation 

Average supernatant 

clarity (wt.%) after 

degradation 

500 13.5 0.31  20.6 0.16  

1000 14.1 0.26 20.5 0.26  

3000 14.4 0.28 20.5 0.28  
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Appendix D-Supporting information for Chapter 5 

 

 

Figure D1:Comparison of NMR spectra of poly(PLA4ChMA) in D2O after 8 hours in 0.22 wt.% V-50 

synthesized at : (top) 10%, 70℃; (center) 20%, 70℃; (bottom) 10%, 50℃  

 

Figure D2: poly(PLA4ChMA) NMR spectra in D20 after 2 hours of reaction in 0.22 wt.% V-50 initiator at 

50℃ 
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Figure D3: poly(PLA4ChMA) NMR spectra in D2O after 4 hours of reaction in 0.22 wt.% V-50 initiator at 

50℃ 

 

Figure D4: poly(PLA4ChMA) NMR spectra in D2O after 0.5 hours of reaction in 0.22 wt.% V-50 initiator 

at 70℃ 
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Table D1: Settling rate of 5.0 wt.% MFT (source 2) after treatment with 0.02 wt.% FLOPAM A3338 at 

500ppm (replicate 1) 

Time (minute) Height (m) Normalized Volume (mL) 

0.0 0.16 1.02 100 

0.2 0.14 0.87 85 

0.3 0.13 0.82 80 

0.6 0.12 0.78 76 

0.8 0.12 0.77 75 

2.0 0.11 0.71 70 

ISR (m/h) 9.0   

 

Table D2: Settling rate of 5.0 wt.% MFT (source 2) after treatment with 0.02 wt.% FLOPAM A3338 at 

500ppm (replicate 2) 

Time (minute) Height (m) Normalized Volume (mL) 

0.0 0.16 1.02 100 

0.1 0.15 0.92 90 

0.2 0.14 0.86 84 

0.3 0.13 0.82 80 

0.5 0.13 0.79 77 

0.7 0.12 0.77 75 

ISR (m/h) 7.9   
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Table D3: Evaluation of the statistical significance of poly(PLA4ChMA) dosage on compaction of 5.0 wt.% 

MFT in process water using a two-tailed t-test at a confidence level of 95% 

Compaction 

dataset 

Flocculant Mean Standard 

deviation 

P value 

(p<0.05) 

Significant? 

(Y/N)_ 

 

 

 

 

24 hours 

PLA4ChMA  11.2 0.2 1.0 - 

FLOPAM 

A338 

14.8 0.3 5.82E-05 Y 

SNF C3276 7.5 0.4 4.61E-04 Y 

PLA4ChMA 

(75/25) 

11.1 0.5 0.74 N 

PLA4ChMA 

(25/75) 

11.0 0.2 0.23 N 

PAM  

(5 MDa) 

11.4 0.2 0.33 N 

 

 

 

 

 

Degradation  

PLA4ChMA  15.8 0.3 1.0 - 

FLOPAM 

A338 

17.9 0.5 1.01E-02 Y 

SNF C3276 12.2 0.2 1.23E-04 Y 

PLA4ChMA 

(75/25) 

15.8 0.9 0.94 N 

PLA4ChMA 

(25/75) 

14.2 0.9 0.07 N 

PAM  

(5 MDa) 

16.3 0.9 0.47 N 
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Table D4: Summary of mudlines and solids compactions of 5.0 wt. % MFT in process water after treatment 

with 500 ppm with poly(PLA4ChMA) (prepared as a 2.00 wt.% dispersion), synthesized at 50℃ and 70℃ (10 

wt.% monomer loading; 0.22 wt.% V-50) 

Monomer 

loading 

(wt.%) 

Polymerization 

temperature 

(℃) 

Average solids 

content (wt.%) 

Average 

supernatant 

clarity (wt.%) 

Average 

solids content 

(wt.%) after 

degradation 

Average 

supernatant 

solids 

(wt.%)  

10 50 10.9  0.22 14.7  0.18  

10 70 11.2  0.23  15.8  0.18  

 

Table D5: Summary of mudlines and solids compactions of 5.0 wt. % MFT in process water after treatment 

with 500 ppm poly(acrylamide)/poly(PLA4ChMA) copolymers (mol.%) and PAM homopolymers (prepared 

as a 0.02 wt.% dispersion) 

Flocculant Average 

solids 

content 

(wt.%) 

Average 

supernatant 

clarity (wt.%) 

Average solids 

content (wt.%) 

after degradation 

Average 

supernatant clarity 

(wt.%) after 

degradation 

PAM standard 11.4  0.23  16.3  0.20 

FLOPAM 14.8  0.19  17.9  0.18  

PLA4ChMA/AM 

(25/75 mol.%) 

11.0  0.18  14.2  0.19  

PLA4ChMA/AM 

(75/25 mol.%) 

11.1  0.18  15.8  0.18  

 

 

Table D6: Summary of mudlines and solids compactions of 5.00 wt. % MFT in process water after sequential 

dosing with 500 ppm FLOPAM/500 ppm poly(PLA4ChMA) 

Mudline  

after 24 

hours 

(mL) 

Solids 

content 

(wt.%) after 

24 hours 

Average 

solids 

content 

(wt.%) 

Mudline after 

degradation 

(mL) 

Solids content 

(wt.%) after 

degradation 

Average solids 

content after 

degradation 

(wt.%) 

27 15.3  

14.9  

23 17.7  

17.9  27 15.1 22 18.5 

28 14.2 23 17.5 
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Appendix E-Supporting information for Chapter 6 

 
Table E1: The average results of FFT characterization from D&S, MBI, and PSD (used with permission of 

NAIT researchers) 

wt% Bitumen wt% Mineral wt.% Water MBI vol% Fines 

1.23 24.68 73.64 13.2 92.8 

 

 
Figure E1: PSD results of raw FFT in triplicate (used with permission of NAIT researchers) 

 

Table E2: Water chemistry results of FFT (used with permission of NAIT researchers) 

Component Concentration 

(mg/L) 

Lithium 1.8 

Sodium 381.0 

Calcium 52.2 

Magnesium 34.9 

Potassium 20.5 

Chloride 205.7 

Nitrate 2.79 

Nitrite not detected 

Sulfate 303.9 

Bromide not detected 

Phosphate not detected 

Fluoride 2.48 

Carbonate 9.0 

Bicarbonate 300.6 
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Table E3: CST measurements for flocculations with poly(PLA4ChMA) in undiluted MFT  

Dosage (ppm) CST-1 CST-2 CST-3 

0 556.6 499 548.3 

10278 260.3 227.1 144.7 

16667 70.1 178.6 458.4 

20833 30.3 32.8 31.4 

22222 27.5 39.6 31.4 

25000 28.3 24.2 39.3 

27778 33.4 35.9 27.4 

 
Table E4: CST measurements for flocculations with poly(TMAEMC) in undiluted MFT  

Dosage (ppm) CST-1 CST-2 CST-3 

0 556.6 499 548.3 

2778 389.9 384.6 388.2 

5556 285.2 282.9 291.2 

9444 84 82.7 120.7 

11111 75.8 161.3 154.5 

13889 273.7 144.9 227.05 

16667 416 370.8 134.7 

 
Table E5: CST measurements for flocculations with FLOPAM A3338 in undiluted MFT (used with 

permission of NAIT researchers) 

Dose 

(ppm) 

CST-1 

(s) 

CST-2 

(s) 

CST-3 

(s) 

1945 28.2 27.6 28.2 

1702 18.7 16.4 17.7 

1459 11.2 10.6 11 

1216 12.5 12.8 11.9 

972 55.4 52.1 42.5 

 

 


