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Abstract 

Based on the analysis of typical warm water oil sands extraction process, we investigated the use 

of a novel temperature switchable non-ionic block copolymer, poly (ethylene glycol)-b-poly 

(N-isopropyl acrylamide) (MPEG-b-PNIPAM), to enhance the bitumen recovery and the recycle 

of the polymer after the extraction through the temperature change in the extraction process. The 

temperature switchable polymer was designed to lower the interfacial tension between bitumen 

and water at high temperature for enhancing the bitumen liberation. When the temperature goes 

down, the copolymer can be recovered with process water for reuse in liberation and extraction. 

Two temperature switchable non-ionic block copolymers, MPEG2000-b-PNIPAM50 and 

MPEG750-b-PNIPAM35, were synthesized and characterized by IR spectroscopy and 1HNMR to 

elucidate the chemical structure of the two copolymers. The polymers synthesized showed good 

interfacial activity with temperature switchable properties. Investigations using a home-built 

on- line bitumen liberation analyzer showed that the synthesized polymer enhanced bitumen 

liberation process. The Denver flotation cell extraction tests showed an enhanced bitumen 

recovery by the addition of the synthesized polymers.  A home-built induction timer was used to 

evaluate the induction time between air bubble and bitumen surfaces. The results showed that the 

polymer with short chain length helped reduce the induction time and could help aeration while the 

polymer with longer chain made aeration less favorable. By using toluene as the oil phase, we 

demonstrated a good recoverability of the polymer when temperature reduced to 25 ᴈ. It is proved 

that the polymer can be reused in liberation and extraction to reduce the operating cost of the 

process.  
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Nomenclature  

CHWE: Clark Hot Water Extraction  

CSS: Cyclic Steam Stimulation  

SAGD: Steam Assisted Gravity Drainage  

WWBE: Warm Water Bitumen Extraction  

PSV: Primary Separation Vessel  

PSC: Primary Separation Cells  

IFT : Interfacial Tension 

EDL force : Electric Double Layer force 

VDW force : Van der Waals force 

NIPAM : N-isopropyl acrylamide  

PNIPAM : poly (N-isopropyl acrylamide) 

PNIPAM 50: poly (N-isopropyl acrylamide) with 50 repeating units 

PNIPAM 35: poly (N-isopropyl acrylamide) with 35 repeating units 

MPEG: methyl poly ethylene glycol mono ether  

MPEG2000: methyl poly ethylene glycol mono ether with a molecular weight of 2000 

MPEG750: methyl poly ethylene glycol mono ether with a molecular weight of 750 

DBL: Degree of Bitumen Liberation 

ATRP: Atom Transfer Radical Polymerization 

 

 



vi 

 

Table of Contents 

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

Preface........................................................................................................................................... iii  

Acknowledgement ........................................................................................................................ iv 

Nomenclature ................................................................................................................................ v 

List of Figures............................................................................................................................... ix 

List of Tables ............................................................................................................................... xii  

List of Schemes ........................................................................................................................... xiii  

Chapter 1. Introduction................................................................................................................ 1 

1.1 Introduction to Alberta Oil Sands .................................................................................... 1 

1.2 Overview on Oil Sands Extraction................................................................................... 2 

1.2.1 Surface Mining.......................................................................................................... 3 

1.2.2 In-situ Extraction Process ......................................................................................... 6 

1.3 Problems and Project Objectives...................................................................................... 8 

Chapter 2. Review on Colloid Science Involved in Oil Sands Extraction................................ 9 

2.1 Basics on Colloid Science ..................................................................................................... 9 

2.1.1 Surface/Interfacial Tension............................................................................................. 9 

2.1.2 Youngôs Equation ........................................................................................................... 9 

2.1.3 Electric Double Layer ................................................................................................... 11 

2.1.4 Van der Waals Force .................................................................................................... 12 

2.1.4 DLVO Theory............................................................................................................... 14 

2.2 Elementary Steps in Water-based Bitumen Extraction ....................................................... 15 

2.2.1 Bitumen Liberation ....................................................................................................... 16 

2.2.2 Bitumen Aeration.......................................................................................................... 19 

2.3 Bitumen Flotation................................................................................................................ 20 

Chapter 3. Review on Chemical Aids Used to Enhance Bitumen Recovery ......................... 23 

3.1 Caustics ............................................................................................................................... 23 

3.1.1 Sodium Hydroxide ........................................................................................................ 23 

3.1.2 Ammonium Hydroxide ................................................................................................. 24 

3.1.3 Lime .............................................................................................................................. 24 

3.2 Amine Compounds.............................................................................................................. 25 

3.2.1 Short Chain Amines...................................................................................................... 25 

3.2.2 Alkanol Amines ............................................................................................................ 25 



vii 

 

3.3 Organic Solvent and Other Chemical Mixture.................................................................... 25 

3.3.1 Liquid Hydrocarbon and Alkali Metal Bicarbonate/Alkali Metal Carbonate Mixture 25 

3.3.2 Using Kerosene and Methyl- isobutyl-carbinol (MIBC) in Cold Water Slurry Process26 

3.4 Surfactant ............................................................................................................................ 26 

3.4.1 Surfactants Produced from Oxidation or Sulfonation of Bitumen Asphaltenes ........... 26 

3.4.2 Sulfonated Fatty Acids ................................................................................................. 27 

3.4.3 Non-ionic Surfactant or Zwitterionic Surfactant with Potassium Bicarbonate ............ 27 

3.5 Addition of Polymer Flocculant .......................................................................................... 27 

3.5.1 Anionic Polymer Flocculant Hydrolyzed Polyacrylamide (HPAM) ............................ 27 

3.5.2 Combination of Al(OH)3-polyacrylamide (Al-PAM) and HPAM ............................... 28 

3.5.3 Non-ionic Poly (N-isopropylacrylamide) (PNIPAM) .................................................. 29 

3.5.3 Non-ionic Block Copolymer......................................................................................... 29 

Chapter 4. Design of Temperature Switchable Non-ionic Block Copolymer........................ 31 

Chapter 5. Materials and Methods............................................................................................ 36 

5.1 Materials .............................................................................................................................. 36 

5.1.1 Chemicals Used for Synthesis. ..................................................................................... 36 

5.1.2 Oil Sands Ore Sample................................................................................................... 36 

5.1.3 Process water ................................................................................................................ 37 

5.1.4 Bitumen sample ............................................................................................................ 37 

5.2 Synthesis of Temperature Switchable Block Co-polymer MPEG-b-PNIPAM .................. 37 

5.2.1 Synthesis of 2-bromopropionate MPEG2000 Macroinitiator (MPEG2000-Br) .......... 37 

5.2.2 Synthesis of 2-bromopropionate MPEG750 Macroinitiator (MPEG750-Br) .............. 39 

5.2.3 Synthesis of MPEG-b-PNIPAM by Atom Transfer Radical Polymerization (ATRP). 39 

5.2.4 1H NMR Spectroscopy and FT-IR Spectroscopy ......................................................... 41 

5.2.5 Interfacial Tension Measurement by Du Noüy Ring Method ...................................... 41 

5.2.6 Turbidity Measurement ................................................................................................ 41 

5.2.7 Size Measurement of Polymer Species in Aqueous Solution....................................... 42 

5.2.8 Bitumen Flotation ......................................................................................................... 42 

5.2.9 Dean Stark Analysis ..................................................................................................... 43 

5.2.10 Liberation Cell Test .................................................................................................... 45 

5.2.11 Induction Time Measurement ..................................................................................... 48 

5.2.12 Recoverability Test of Synthesized Polymers ............................................................ 49 



viii 

 

Chapter 6. Results and Discussions ........................................................................................... 51 

6.1 Characterization of Synthesized Temperature Switchable Polymers ................................. 51 

6.1.1 Characterization of MPEG2000-b-PNIPAM50 ............................................................. 51 

6.1.2 Characterization of MPEG750-b-PNIPAM35 ............................................................... 55 

6.2 Interfacial Tension Measurement of the Polymer Solution ................................................ 59 

6.3 Surface Tension Measurement of Two Polymers ............................................................... 61 

6.4 Turbidity Measurement of Synthesized Polymers .............................................................. 62 

6.5 Polymer Species Size in Aqueous Solution ........................................................................ 63 

6.6 Bitumen Flotation Test........................................................................................................ 64 

6.7 Liberation Cell Test............................................................................................................. 69 

6.8 Induction Time Measurement ............................................................................................. 71 

6.9 Recoverability Test of Synthesized Polymer ...................................................................... 72 

Chapter 7. Conclusions............................................................................................................... 77 

Chapter 8. Future Work ............................................................................................................. 79 

Reference...................................................................................................................................... 83 

Appendix ...................................................................................................................................... 88 

A1. Size Measurement of Polymer Solution ............................................................................. 88 

A1.1 MPEG750-b-PNIPAM35 1000 ppm .............................................................................. 88 

A1.1 MPEG2000-b-PNIPAM50 1000 ppm ............................................................................ 90 

A2. Recoverability Test and Related Equations........................................................................ 93 

 

 

 

 

 

 

 

 

 



ix 

 

List of Figures 

Figure 1. Oil sands Ore (left); Oil sands structure schematic (right). ............................................. 1 

Figure 2. Map of oil sands reserve in Alberta................................................................................. 2 

Figure 3. A generalized scheme for oil sands processing in surface mining process. .................... 4 

Figure 4. A schematic diagram of tailings pond. ............................................................................ 5 

Figure 5. Schematic of cyclic steam stimulation (CSS) process. ................................................... 6 

Figure 6. Schematic diagram of SAGD process. ............................................................................ 7 

Figure 7. Schematic diagram of three steps of SAGD. ................................................................... 7 

Figure 8. Mechanism of SAGD process. ........................................................................................ 8 

Figure 9. Contact angle (Ᵽ) of bitumen on sand grain in water phase. ......................................... 10 

Figure 10. Electric double layer model for negatively charged surface. ...................................... 12 

Figure 11. Schematic of van der Waals attraction, double layer repulsion, and total interaction 

energy for two identical spherical particles. ................................................................................. 15 

Figure 12. Bitumen recession and liberation. ............................................................................... 16 

Figure 13. Contact angle of air bubble on bitumen surfaces. ....................................................... 19 

Figure 14. Schematic diagram of the energy profiles (VT) between a bitumen droplet and an air 

bubble as a function of distance between the two in aqueous solution. Eb stands for energy barrier, 

Ed for detachment energy. ............................................................................................................. 21 

Figure 15. Temperature change in oil sands extraction process. .................................................. 32 

Figure 16. Designed block copolymer structure and its switching with temperature................... 33 

Figure 17. Proposed procedure of using these temperature switchable non- ionic block copolymers 

to oil sands extraction process. ..................................................................................................... 34 

Figure 18. Schematic of Denver flotation cell. ............................................................................. 42 



x 

 

Figure 19. Dean Stark Apparatus .................................................................................................. 44 

Figure 20. Schematic flow diagram of liberation cell and figure of liberation cell. ..................... 46 

Figure 21. Liberation cell test. ...................................................................................................... 47 

Figure 22. Apparatus of induction timer measurement. ............................................................... 48 

Figure 23. IR Spectrum of pure MPEG2000 and macroinitiator MPEG2000-Br. ....................... 51 

Figure 24. 1H NMR spectrum of the purified macroinitiator 2-bromopropionate MPEG2000 in 

CDCl3. ........................................................................................................................................... 52 

Figure 25. IR spectrum of pure PNIPAM and MPEG2000-b-PNIPAM50. ................................... 53 

Figure 26. 1H NMR spectrum of the purified polymer MPEG2000-b-PNIPAM50 in CDCl3....... 54 

Figure 27. 1H NMR spectrum of the purified macroinitiator 2-bromopropionate MPEG750 in 

CDCl3. ........................................................................................................................................... 56 

Figure 28. IR spectra of pure PNIPAM, pure MPEG750, macroinitiator MPEG750-Br and 

synthesized polymer MPEG750-b-PNIPAM35. ............................................................................ 57 

Figure 29. 1H NMR spectrum of the purified polymer MPEG750-b-PNIPAM35 in CDCl3......... 58 

Figure 30. Interfacial tension between polymer solution and pure toluene. 

MPEG750-b-PNIPAM35, MPEG2000-b-PNIPAM50, and SDS were all made into aqueous 

solutions with concentration of 50 ppm (mass of solute/mass of water). ..................................... 60 

Figure 31. Surface tension of polymer solution. MPEG750-b-PNIPAM35, 

MPEG2000-b-PNIPAM50 were both made into aqueous solutions with concentration of 50 ppm 

(mass of solute/mass of water)...................................................................................................... 61 

Figure 32. Turbidity MPEG2000-b-PNIPAM50 1000 ppm solution, MPEG750-b-PNIPAM35 1000 

ppm solution with temperature change. ........................................................................................ 62 

file:///C:/Users/chao/Desktop/(Correction)Thesis_Chao%20Han_Xu.docx%23_Toc449103709


xi 

 

Figure 33. Species size of MPEG2000-b-PNIPAM5 1000 ppm solution and 

MPEG750-b-PNIPAM35 1000 ppm solution at different temperature, the micelles formed above 

its LCST. ....................................................................................................................................... 63 

Figure 34. Recovery of bitumen in extraction tests. ..................................................................... 65 

Figure 35. Bitumen/Solids ratio of froth collected in extraction tests. ......................................... 66 

Figure 36. Bitumen/Water ratio of froth collected in extraction tests. ......................................... 66 

Figure 37. Bitumen recovery with different dosage of MPEG750-b-PNIPAM35. ....................... 67 

Figure 38. Bit/Solids ratio with different dosage of MPEG750-b-PNIPAM35. ............................ 68 

Figure 39. Bit/Water ratio with different dosage of MPEG750-b-PNIPAM35. ............................ 68 

Figure 40. Bitumen liberation with 50 ppm MPEG750-b-PNIPAM35 at 50 °C (pH=7.7). .......... 69 

Figure 41. DBL vs. time for liberation cell tests at 20 °C. (pH=7.7)............................................ 70 

Figure 42. DBL vs. time for liberation cell tests at 50 °C. (pH=7.7) ............................................ 70 

Figure 43. Probability vs. contact time for bitumen-air bubble attachment induction time 

measurement at 50 oC. .................................................................................................................. 71 

Figure 44. Turbidity vs. temperature for different concentration of MPEG750-b-PNIPAM35 

solutions. ....................................................................................................................................... 73 

Figure 45. Turbidity vs. MPEG750-b-PNIPAM35 concentration at 50 oC. .................................. 74 

Figure 46. Turbidity vs. MPEG750-b-PNIPAM35 concentration at 25 oC. .................................. 74 

Figure 47. Turbidity vs. temperature with/without toluene addition. ........................................... 76 

Figure 48. Recoverability of MPEG750-b-PNIPAM35 ratio vs. temperature with toluene addition.

....................................................................................................................................................... 76 

  



xii 

 

List of Tables 

Table 1. Composition (wt. %) of Oil Sands Ore. .......................................................................... 37 

Table 2. Concentration of Major Ions in the Plant Recycle Process (Syncrude, Aurora; Research 

EXP pilot, March3, 2009) Water of pH 7.7. ................................................................................. 37 

Table 3. Addition of polymer in flotation tests. ............................................................................ 64 

Table 4. Polymer dosage effect on Denver flotation cell bitumen extraction. ............................. 67 

Table 5. Linear fit equations at different temperature. ................................................................. 75 

 

  



xiii 

 

List of Schemes 

Scheme 1. Reaction of silica with water. ...................................................................................... 11 

Scheme 2. Synthesis of macroinitiator 2-bromopropionate MPEG2000...................................... 38 

Scheme 3. Synthesis of MPEG2000-b-PNIPAM50....................................................................... 39 

Scheme 4. Synthesis of MPEG750-b-PNIPAM35......................................................................... 40 

  

 

  



1 

 

Chapter 1. Introduction  

1.1 Introduction to Alberta Oil Sands 

Oil sands, which are also known as tar sands or bituminous sands are a type of unconventional 

petroleum deposit.1 Oil sands are either loose sands or partially consolidated sandstones 

containing sands, clays, water and extremely viscous  petroleum technically referred to 

as bitumen (Figure 1).2-4 Canada has the largest oil sands reserve in the world which takes 97% of 

Canadianôs total crude oil reverse and makes Canada the third largest crude oil proved reserve in 

the world by the end of 2013, only after Saudi Arabia and Venezuela.5  

 

 

Figure 1. Oil sands Ore (left); Oil sands structure schematic (right).2, 3 

 

Canadian oil sands are mainly located in the Athabasca region in Alberta, with the rest in Peace 

River and Cold Lake area (Figure 2).6 In 2013, the crude oil production from oil sands in Canada 

has exceeded 1.9 million barrels/day comparing 1.5 milli on barrels/day from conventional crude 

https://en.wikipedia.org/wiki/Sand
https://en.wikipedia.org/wiki/Clay
https://en.wikipedia.org/wiki/Viscous
https://en.wikipedia.org/wiki/Petroleum
https://en.wikipedia.org/wiki/Bitumen
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oil. Albertaôs crude oil production took 76% of total crude oil production in Canada.5 It is also 

predicted that the total crude oil produced from the oil sands in Alberta can grow to 3 million 

barrels/day by 2020.7 

 

 

Figure 2. Map of oil sands reserve in Alberta.6 

 

1.2 Overview on Oil Sands Extraction  

The bitumen from oil sands is basically recovered by two major methods: surface mining (open-pit 

mining) process and in-situ technology. Surface mining process requires the removal of forest and 

layers of overburden (muskeg and topsoil) to expose the oil sands, and is usually applied to the 

deposits less than 75 m under the ground.1, 7  And Clark Hot Water Extraction (CHWE) process 
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and its modified processes are used to extract bitumen from the mined oil sands.8-12 For the in-situ 

extraction process, two major technologies are widely and commercially used, Cyclic Steam 

Stimulation (CSS) and Steam Assisted Gravity Drainage (SAGD), and the depth of the deposits is 

usually more than 100 meters.13-15  

 

1.2.1 Surface Mining  

Clark Hot Water Extraction (CHWE) process was developed by Dr. Karl Clark and his colleagues 

at Alberta Research Council in 1920s and it is widely implemented in commercial operations by 

different oil sands operators for open-pit mining process.4, 8-12. Considering the reduction of energy 

cost and cut of greenhouse gas emission, the process temperature is now reduced to around 45 to 

55 oC from around 80 oC, which is referred to as warm water bitumen extraction (WWBE) 

process.16 A general scheme for oil sands processing of surface mining is shown in Figure 3.  

Generally, shovels and trucks are used to dig oil sands up and transport ores from sites to 

extraction plants. Then the oil sands lumps are crushed and mixed with hot steam/hot water in 

mixing boxes, stirred tanks, cyclo- feeders (Syncrude) or rotary breakers (Suncor and Albian).4 

Usually, at this stage the chemical additives are added to enhance the bitumen extraction process. 

Then the slurry is fed to hydrotransport pipelines or tumblers to further reduce the oresô size and 

apply shear force to the sand grains. The main idea of this stage is to separate bitumen droplets 

from sand grains, so the liberated bitumen can be attached to the entrained or introduced air 

bubbles. Typically, 40 to 55 oC is the operation temperature of the slurry. Then the slurry is 

pumped into the so called primary separation vessel (PSV), separation cells (Sep Cell) or primary 

separation cells (PSC), and the froth formed can float to the top (the bitumenôs density is reduced 

due to the attachment to air bubbles and increasing temperature). Then the froth is skimmed out for 
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froth treatment. As some un-aerated bitumen droplets remain in slurry, mechanical floatation cells, 

cyclo-separators or hydrocyclones are used to recover more bitumen from the slurry. The 

unrecovered bitumen, water and solids are referred as tailings and pumped to the tailings ponds.17  

 

 

Figure 3. A generalized scheme for oil sands processing in surface mining process.4 

 

Typically, bitumen froth from PSV contains 60% bitumen, 30% water, and 10% solids. Further 

froth treatment is needed to get rid of the water and solids since both solids and water are 

detrimental for downstream upgrading processes. The collected bitumen froth is first de-gassed 

and then diluted with organic diluents (naphtha or paraffinic solvent) to introduce enough density 

difference among bitumen, water and solids, so the water and solids can be separated from diluted 




















































































































































































