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Abstract

Based on the analysis of typicahrm wateroil sands extraction process, we investigatexduse

of a novel temperature switchable n@mic block copolymerpoly (ethylene glycohb-poly
(N-isopropyl acrylamide [IMPEG-b-PNIPAM), to enhancehe bitumen recovery anthe recycle

of the pdymerafterthe extractiorthroughthe temperature change in the extraction procHss.
temperature switchable polymesmas designedo lower the interfacial tension between bitumen
and water at high temperatul enhanang the bitumen liberation. Whermé temperature goes
down, the copolymer can be recovered with process wateetse in liberation anextraction.

Two temperature switchable naonic block copolymes, MPEG20068b-PNIPAMs, and
MPEG750b-PNIPAMss weresynthesized andharacterized by IRpectroscopy antHNMR to
elucidate thechemical structuref the two copolymersThe polymers synthesized showgabd
interfacial activity with temperature switchable propes Investigatiors usinga homebuilt
online bitumen liberation analyzer shosveghat the synthesized polymer enhanced bitumen
liberation processThe Denverflotation cell extraction tests showed amhanced bitumen
recovery bythe additionof the synthesized polymer# homebuilt induction timer was used to
evaluate the inductiotime 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 fab@ By using toluene as thelgahase, we
demonstrated good recoverability of theolymerwhentemperatureeducedo 253 . It isproved
thatthe polymer can be reused lineration andextractionto reducethe operating cost of the

process.
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Nomenclature
CHWE: Clark Hot Water Extraction
CSS Cyclc Steam Stimulation
SAGD: Steam Assisted Gravity Drainage
WWBE: Warm Water Bitumen Eraction
PSV: Primary Separation &sel
PSC Primary Separation €lls
IFT: Interfacial Tension
EDL force: Electric Double layerforce
VDW force: Van der Waalsadirce
NIPAM : N-isopropyl acrylamide
PNIPAM : poly (N-isopropyl acrylamide)
PNIPAM s50: poly (N-isopropyl acrylamide) with 50 repeating units
PNIPAM 3s: poly (N-isopropyl acrylamide) with 35 repeating units
MPEG: methyl poly ethylene glycol mono ether
MPEG2000 methyl poly ethylene glycol mono ether with a moleculegight of 2000
MPEG750: methyl poly ethylene glycol mono ether with a molecular weight of 750
DBL: Degree of Bitumen iberation

ATRP: Atom Transfer Radical Polymerization



Table of Contents

Y 15 1 - o PR i
[ (S = o OSSPSR PPN il
ACKNOWIEAGE MENL ... .. e s s e e e e e e e e e e e e e eeaeanaeeeaaeeeeeeeennnes v
NOMENCIATUIE .....cceiiiieeeeeeeie ettt s s e e e e e e e esensss s s s e e e e e eeeeseeeeeeesssnnneesseseeeeeesssssnnnnnnnns Vo
IS o) o U= S iX
LISt Of TADIES ..o e Xii
IS o) BT 7= 0= R Xiii
Chapter 1. INtFOAUCTION .......coiiiiiieeeeee e e e e e e e e e e e e e e e e e e aeeneaaeaaeaaes 1
1.1 Introduction to Alberta Oil SANAS........ccooiiiiiiiiiee s 1
1.2 Overview on Oil SANdS EXITACIQN..........cooiiiiiiiiiiieee e reee e 2
N R Y g 7= Vot 1Y/ 1 1 T USSP 3
1.2.2  IN-SitU EXIracCtion PrOCESS. .. cciii i i i e e eeeeeeeeeeeeeee et 6

1.3 Problems and Project ObJeCHIVES.....uuuiiiii e 8
Chapter 2. Review on Colloid Science Involved in Oil Sands Extractian.............ccccceeee 9.
2.1 Basics 0N ColloId SCIBNCE.......coiii ittt e e e e e e e e eenaes 9
2.1.1 Surface/Interfacial TENSION.........coi i 9
2.1.2 YoungO.S. .. .EgQuUal .l 0D 9
2.1.3 EleCtric DOUDIE LAYEE.........ceeeiiiiiic et e e eeees s e e e e e e e e e e e 11
2.1.4Van der WaalsS FOICR........uuuuiiiii e eeee e e e 12

2 I | @ I I 7T 0] OSSR 14

2.2 Elementary Steps Waterbased Bitumen EXtraction................ouvvuviiiimeeeevvnennnnn 15
2.2.1 BitUmen LIDETatiON.........eeiiieiiiiiii e ceee e e e e e e e et e eeees e e e e e e e e e e e e eeeeeeeeennnnnneees 16
2.2.2 BItUMEN ACTATIONL.....ii ittt e e et eenanssss bbb e e e e e e e e e e e e s annsennees 19

RGN =11 0107 T (0] = N 1o o PSP PUPPPRPT 20
Chapter 3. Review on Chemical Aids Used to Enhance Bitumen Recovery................... 23
TNt O 10 1~ URRPP PP 23
3.1.1 SOAIUM HYIDXIAE. ...ttt 23
3.1.2 AMMONIUM HYArOXIAR......cceeeiiiieeieeeeeit e et e e e e e e e e e e e eees 24
00 I 0TSSP 24
3.2 AMINE COMPOUNGS......ceiiiiiieieeeiieiiemmmreeeeeeeeeaa s e e e e e eennsna s s s e eeeeaaaeeeeeeessannnaeaaeeeees 25
3.2.1 Short Chain AMINES.......couuiiiiiiiiiii et e et aeee s e e e e e e e e e e e e eeeeaesebnnne s 25
A N =Y 00 BN o 11 = 25



3.3 Organic Solvent and Other Chemical MIXtULE...........coooviiiiiiieien e 25
3.3.1 Liquid Hydrocarbon and Alkali Metal Bicarbonate/Alkali Metal Carbonate Mix@4re
3.3.2 Using Kerosene and Methgbbutytcarbinol (MIBC) in Cold Water Slurry Proces

G U =T =Y | PP 26
3.4.1 Surfactants Produced from Oxidation or Sulfonation of Bitumen Asphaltenes26
3.4.2 Sulfonated Fatty ACIHS.......cooiiiiiieieieiiet e e e e e e e e eeees 27
3.4.3 Nonionic Surfactant or Zwitterionic Surfactant with Potassium Bicarbanate...27

3.5 Addition of Polymer FlocCulant..............coooiiiiiiieeii e 27
3.5.1 Anionic Polymer Flocculant Hydragd Polyacrylamide (HPAM)........................ 27
3.5.2 Combination of A(OHy)polyacrylamide (AMPAM) and HPAM..............ccccvevenee. 28
3.5.3 Nonionic Poly (N-isopropylacrylamide) (PNIPAM)..........couuuiieiiiiinn i 29
3.5.3 NORIONIC BIOCK COPOIYMEL........uiiiiiiiiiiiiiiiiee ettt e e e 29

Chapter 4. Design of Te mperature Switchable Noionic Block Copolymer..................... 31
Chapter 5. Materials and Methods...........cccuuiiiiiiiiiiiiee e 36

DL MATEIIAIS. ...ttt e e e e e e e e e e e et a e e e e e e e e e e e aen 36
5.1.1 Chemical Used for SYNthESIS. ......ccooii e 36
5.1.2 Oil SANAS Ore SAmMPIE... ...ttt e e ee e e e e e e 36
5.1.3 PrOCESS WALEL. ... .ceieiiiie ettt e e ettt e e e e ettt rme e e e e e e esta e e e e e enbnamemna e e eeeenes 37
5.1.4 BEUMEN SAMPIE ...ttt ettt eeee et e e e e e e e e e e e e e e s s ammme e e eeas 37

5.2 Synthesis of Temperature Switchable Blockgdtymer MPEGb-PNIPAM................. 37
5.2.1 Synthesis of-Bromopropionate MPEG2000 Macroinitiator (MPEG2EN) .......... 37
5.2.2 Synthesis of-Bromopropionate MPEG750 Macroinitiator (MPEG7YB() ............. 39
5.2.3 Synthesis of MPEG-PNIPAM by Atom Transfer Radical Polymerization (ATRB9Y
5.2.4'H NMR Spectroscopy and FIR SPECIIOSCOPY..........cererreriverimemseerreseeseseeeeen. 41
5.2.5 Interfacial TensioMeasurement by Du Noly Ring Method.............c.ooovvvviieeee. 41
5.2.6 Turbidity MEaSUIrEMEIIL.........ciiiiiiiiii e ieeee e ee e e e 41
5.2.7 Size Measurement of Polymer Species in Aqueous Salution...................eeen.. 42
5.2.8 BitUmen FlOtatiON........uiiiiiiiiiiiiieiecieee et e e e e e e e e e e eeereee e 42
5.2.9 Dean Stark ANAIYSIS.......coiiiiiiiiiiei e 43
5.2.10LIberation Cell TESL.....cooi it e e 45
5.2.11 Induction TiIMe MEASUIEMENIL.......cceeieiiiieieeeiieeee ettt e 48
5.2.12 Recoverability Test of Synthesized POlyMEIS..........ccccooiiiiiiiic 49

Vil



Chapter 6. RESURSANA DISCUSSIONS.........uviiiiiiiiiiiiieii ettt e e e rmmme e e e e e e e 51

6.1 Characterization of Synthesized Temperature Switchable Polymels.................... 51
6.1.1 Characterization of MPEG20MOPNIPAMS0. .....cuuieriieiiieeieeieermee i e eeeeeeeeeneens 51
6.1.2 Characterization Of MPEG7HOPNIPAM 35.....c.uuiiiiiiieiieeee e 55

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

6.3 Surface Tension Measurement of TWO POIYMEIS..........oouuiiiiiiiiccceeeiiiiiieneee e 61

6.4 Turbidity Measurement of Synthesized POIYMELS...........ccoovvviiiiceee e 62

6.5 Polymer Species Size in AQUEOUS SOIULION...........ccoiiiiiiiiiiceciii e, 63

6.6 BitumeNn FlOtation TeST.......ciiieiiiiiiiii e eerrer e e e e e e e e e e e e e neeannne e e 64

6.7 LIDEration Cell TESL...ciiiiiiiei e ee bbb en e e e 69

6.8INdUCLION TIME MEASUIEIMENT.......eiiiiiiiiiiiiii ettt e e e e e e e e e ereee e e e e e e e e e eeeeeeeennenes 71

6.9 Recoverability Test of Synthesized POIymEr...........ccuvviiiiiieiiii e 72

Chapter 7. CONCIUSIONS. .........uiiiiiiiie s eeee e e e e e e e e e ettt e eee e e e e e e et eeeaaeestaaa s smmresssnnnnns 77
Chapter 8. FULUIE WOTIK ........ccuiiiiiiiieeiii e iee e D
(NS (] (= oL PPPRRRT 83
Y 0] 0= 2 o | USRS 88

Al. Size Measurement of Polymer SOIULION...........oiiiiiiiec e 88
Al.1 MPEGT750b-PNIPAM35 1000 PPIML....uiiiiiiieeeiiiiiiesieeereeeee e e siteeeeeeeesesssenessseneeens 38
Al.1 MPEG20060-PNIPAMs0 1000 PPIMLuuuuiiiiieieeeeeeeeeeeeeeiieeee e e e e eeeeeeeeeeennnnn s smmmeesnnnes 90

A2. Recoverability Test and Related EQUALIONS..............covvveiiieeerieeeeeeeeeiiiiiie v 93

Vil



List of Figures

Figure 1. Oil sands Ore (left); Oil sands structure schematic (right)...............coovvvieeeeeeen. 1
Figure 2. Map of oil sands reserve in AlDerta...........ooooiiiiiiiiee e 2
Figure 3.A generalized scheme for oil sands processing in surface mining process......... 4
Figure 4.A schematic diagm oOf tailings PON.........cooiiiiiiiiiiii e 5
Figure 5. Schematic of cyclic steam stimulation (CSS) ProCesSS........ccvveeeviiiiiieecinnniieeenn. 6
Figure 6. Schematic diagram Of SAGD PrOCESS.........ccuuuiiiiiiiiireeiiiiiieeeee e eeeeeeeeeees 7
Figure 7. Schematic diagram of three stepS OGBA..........ooooiiiiiiii e 7
Figure 8. MechanisSm Of SAGD PrOCESS........uuuuuuiiiieieeeeeeeeiiisaseeeeeeeeeeeeeeeeessieeeeeseeereeeennnnnnn 3
Figure 9. Contact angléPf of bitumen on sand grain in water phase..........ccccccvveeeiieennnne. 10
Figure 10. Electric double layer model for negatively charged surface................ccco..e.... 12

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

energy for two identical spherical partiCles...............ceiiiiiiiiceciiiiiie e 15
Figure 12. Bitumen recession and lDerationL.............ceviiiiiiiieeciiiiiieeeeee e 16
Figure 13. Contact angle of air bubble on biturearmaces.............ccccoovviiiiiiccciiiiii, 19

Figure 14. Schematic diagram of the energy profié3 between a bitumen droplet and an air

bubble as a functionfalistance between the two in aqueous solutirstands for energy barrier,

Figure 16. Designed block copolymer structure and its switching with temperature....... 33
Figure 17 Proposed procedure of using these temperature switchablemorlock copolymers
t0 OIl SANAS EXIrACION PrOCESS.. . ciiiiiiiieee it ceeei e e e e et e et rraer e e e e e e et e e e e eesaa e anaas 34

Figure 18.Schematic of Denver flotation cell..............ooovvvriiiriieee e A2



Figure 19. Dean Stark APParatlS............ceeeeeiiiiiieemiiririiiiiieeiieeeeeeeeeessssreeeeeeeeeeeeeeeeeeeenennnns 44

Figure 20.Schematic flow diagram of liberation cell and figure of libematell..................... 46
Figure 21.LIberation CeIl tESL. ... ... i eeees e eennes 47
Figure 22 Apparatus of induction timer measuremMENL............ccccoovviivimeniieeeee e 48
Figure 23. IR Spectrum of pure MPEG2000 and macroinitiator MPEGB0OQQ................... 51

Figure 24.'"H NMR spectrum of the purified macroinitiator?omopropionate MPEG2000 in
I T TSRS 52
Figure 25. IR spectrum of pure PNIPAM and MPEG2B0BNIPAMs( ......uvvuiiiiiieeeeeeeeeeeenns 53
Figure 26 *H NMR spectrum of the purified polymer MPEG20B@®NIPAMsg in CDC....... 54
Figure 27.'H NMR spectrum of the purified macroinitiatorl2omopropionate MPEG750 in
I L TP PRSP 56
Figure 28. IR spectra of pure PNIPAM, pure MPEG750, macroinitiator MP EGV>ind
synthesized polymer MPEG78BPNIPAMSS. .........ooovviiiiiiiii e e e e e anean e 57
Figure 29.*H NMR spectrum of the purified polymer MPEGZB@NIPAMss in CDC......... 58
Figure 30. Interfacial tension between polymer solution and pure toluene.
MPEG750b-PNIPAMss, MPEG2000b-PNIPAMsy, and SDS were all made into agueous
solutions with concerdtion of 50 ppm (mass of solute/mass of water).............ccceeevveeenn. 60
Figure 31. Surface tension of polymer solution. MPEGBIPNIPAMss,
MPEG2000b-PNIPAMso were both made into aqueous solutions with concentration of 50 ppm
(mass Of SOIUtE/MASS OFf WALEL)......uuiii e eeeee e 61
Figure 32. Turldity MPEG2000b-PNIPAMso1000 ppm solutiofMMPEG750b-PNIPAM35 1000

ppm solution with temperature Change..........cooouiii e 62


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

Figure 33. Species size of MPEG200®b-PNIPAMs 1000 ppm soluton and

MPEG750b-PNIPAM35 1000 ppm solution at different temperaturige micelles formed above

1S3 I O PP OTRTPPUPPRR 63
Figure 34. Recovery of bitumen in extraction teSIS............covevviiiimeniiiiii e 65
Figure 35. Bitumen/Solids ratio of froth collectEdextraction tests.........ccccovevvviiiiiiiicceennn. 66
Figure 36. Bitumen/Water ratio of froth collected in extractiontests............cccceeevivveeeunnns 66
Figure 37. Bitumen recovery with different dosage of MPEGEFFINIPAMss. ........c.cevveeeend 67
Figure 38. Bit/Solids ratio with different dosage of MPEGIBPNIPAMss.........cccoeeeeeeeeeee. 68
Figure 39. Bit/Water ratio with different dosage of MPEGIBBNIPAMss......ccccceeeeeeeeeeee. 68
Figure 40. Bitumen liberation with 50 ppm MPEG7B®PNIPAM3s at 50 °C (pH=7.7).......... 69
Figure 41. DBL vs. time for liberation cell tests at 20 °C. (DH=7.7) cccoevviieiiiiiiiiiiieee 70
Figure 42. DBLvs.time for liberation cell tests at 50 °C. (PH=7..7)...cccooviiiiiiiiiiiiiieceieeeeen, 70

Figure 43. Probabty vs. contact time for bitumeair bubble attachment induction time
MEASUIEMENE AL B ....cuviiiiiiei ettt ettt eme et e e e e e e abe e e eate e s smeeteeeenaeeeenns 71

Figure 44. Turbidityvs. temperature for different concentration of MPEGAS@NIPAM3s

{0 1040 ] o S J PP PPPPPP 73
Figure 45. Turbiditws MPEG750b-PNIPAMss concentration at 58C. ..........c..ccccveee..nnn. 74
Figure 46. Turbiditys MPEG750b-PNIPAM3s concentration at 2%C. ..........cc.cccvee..nn . 74
Figure 47. Turbiditys.tenperature with/without toluene addition.................c.oovvvvvieeeeeen... 76

Figure 48. Recoverability of MPEG788PNIPAM;ss ratio vs.temperature with toluene addition.

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

Xi



List of Tables

Table 1.Composition (Wt. %) of Oil SANAS Or........ciiiiiieii e 37

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

EXP pilot, March3, 2009) Watef @H 7.7 .......oooe et 37
Table 3. Addition of polymer in flotatioN teSIS.........oiiiiiiiiiiii e 64
Table 4. Polymer dosage effect on Denver flotation cell bitumen extractian................... a7
Table 5. Linear fit equations at different temperature...........cccccoveeiiiieeeiiie e 75

Xii



List of Schemes

Scheme 1. Reaction of silica With WateE.............c.uviiiiiiiicee e 11
Scheme 2. Sythesis of macroinitiator-Bromopropionate MPEG20Q0...............ccceeeveiiieee. 38
Scheme 3Synthesis 0f MPEG200B-PNIPAMS(........cccciiiiiiiiie ettt e e e e mmeees 39
Scheme 4Synthesis 0f MPEG750-PNIPAMS5........cccuuiiiiiiiiiii s ceeee e eeee s 40

Xl



Chapter 1. Introduction

1.1Introduction to Alberta Oil Sands

Oil sands which are also known as tar sands or bituminous sands are a type of unconventional
petroleum depostt. Oil sands are either loose sands or partiallynsodidated sandstose
containing sand, clays, water and extremelyviscous petroleuntechnically referred to
asbitumen(Figure 1)>* Canada has tHargest oil sands reserve in the wowltlich takes 97% of
Canadiandéds total crude oil reverse and makes

the world by the end of 2013, only aft8audi Arabiaand Venezuel@

Figure 1. Oil sands Orgleft); Oil sands structure schemaiidght). 3

Canadian oil sands are mainly located in the Athabasca region in Alberta, with the rest in Peace
River and Cold Lakarea(Figure 2)° In 2013, the crude oil productidromoil sands in Canada

has exceeded 1.9 mdin barrels/day comparing 1rbillion barrels/dayjrom 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

ol. Albertads crude oil production t obdlkisab® % o f
predicted that the totakudeoil produced fom the oil sands in Alberta can grow to 3 million

barrels/day by 2020.

Mined bitumen
In situ

Figure 2. Map of oil sands reserve in Abefta.

1.20verview on Oil Sands Etraction

Thebitumen fromoil sands Basically recovered by two major methodsrface miningopenpit
mining) process anah-situ technology. Surface mining procassjuiresheremoval of forest and
layers of overburde(muskeg and topsoil) to expose the oil saadelis usually applied to the

depositsless than 75 m under the ground. And Clark Hot Water Extraction (CWE) process



and its modified processare used to extract bitumen from thinedoil sand$*? For thein-situ
extraction process, two major technologies are widely and commercially used, Sigdim
Stimulation(CSS) andsteam Assisted Gravity Draina(@AGD), and the depth of the deposits is

usually more than 100 metérst®

1.2.1 Surface Mining

Clark Hot Water Extraction (CHWE) procasasdeveloped by Dr. Karl Clark and his colleagues
at Alberta Researc@ouncil in1920s and it isvidely implementedin commercial operations by
different oil sands operators fopenrpit miningprocess" &2, Considering the reduction ehergy
cost andcut of greenhouse gas emission, the process temperature is now redaceaeh45 to

55 °C from around 80°C, which is referred to asvarm water bitumen extraction (WWBE)

process® A general scheme for oil sangeocessing of surface mining shown in Figure 3.

Generally, sovels and trucks are used to dig oil sands up and transport ores from sites to
extraction plard Then te oil sands lumps are crushed andcediwith hot steam/hot water in

mixing boxes, stirredanks, cyclefeeders (Syncrude) or rotary breakers (Suncor and AlBian).
Usually,at this stage the chemiaadditives are added to enhance the bitumen extraction process.
Then the slurryidedt o hydrotransport pipelines or tumbl
apply shear force to the sand grains. The main idea of this stage is to separate bitpite&sn dro

from sand grains, so the liberated bitumen barattached to the entrained or introduced air
bubbles. Typically, 40 to 58C is the operation temperatupd the slurry. Then the slurry is

pumped into the so called primary separation vessel (P)gratgon cells (Sep Cell) @rimary
separationcells (PSCandt he frot h for med can float to the

due to the attachment to air bubbles and increasing temperdtoee)the froth iskimmed out for



froth treatment. Asome uraerated 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 gepait.*’

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

Typically, bitumen froth from PSV contains 60% bitumen, 30% wated 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. cbilectedbitumen froth is first degassed

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

differenceamongbitumen, water and solids, so thater and solidsan be separatdtmdiluted














































































































































































































































































