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Abstract

Surface miningfollowed by ClI ar k6s hot water bitumwmsnbeenxt r ac:t

employed in the current mineable oil sands industry for massive bitumen produdtisn
methodis faed with numerouschallengessuch ashigh energyconsumption limited bitumen

quality, produdion from poofprocessing oresnd intractable sludge tailings settling.

As aviable alternative to HWBEa novel biodiesebssisted ambient aqueous bitumen extraction
(BA3BE) wasdevelopedn this study whichuses no caustic (NaOH) afehturespretreating oil
sands with a relatively small amount of biodiesel prioresdraction By applying BABE,
bitumen recoveryrom Athabasca oil sandgas substantiallymprovedfrom ~10%(benchmark)

to 70080% with 20 wt% (with respect to bitumen content) biodiesel addition at ambient
temperature(25°C). Such temperatures much lower than thease ofthe current industry
practice (&i50°C), indicating a remarkaby redued energy intensity.In addition, BABE
allowed faster settling of oil sands extraction tailingsd led to more compact sedimerts

compared to thease using caustisuggesting aatisfactorytailings treatment

To further improve bitumen recovery and product quality BA3BE was modified by
incorporating the use dfother and demulsifierResultsindicatedthat the modified BABE
achievedan increasd bitumen recovenfrom 82.1% (unmodified BABE) to 86.4% with a
solvent dosagmerelyequivalent tchalf of theunmodifiedcase Further examination of bitumen
product revealed that adified BA’BE reduced the entrainagaterimpuritiesby ~1/3 and ~1/2

as compared to the unmodifiedseand the HWBEbaselinerespectively.

As part of the environmental impact evaluatiB®°BE wasalsoinvestigatedn therelease of

toxic chemicalsuch as naphthenic acids, to tailings waResults showed thaBA°BE wasable



to reducesignificantly the total intensity akleasedaphthenic acids by the rangeldf9 60.1%
depending on the type of orebhis suggest the evidenteffectivenessf BABE in reducing the

release omajortoxic chemicalsto oil sands tailings water.
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Chapter 1 Introduction

1.1 An Overview of Oil Sands in Alberta, Canada

Oil sands, or bituminous sands, are a type of unconventional petroleum deposits. Oil sands
are generally mixtures of higliscosity bitumen, water and host solidsarter and Head
2014)Economic incentives of oil sands industry rely on the entrapped bitumen enegdtvg

oil to be liberated, concentrated, collected and purified from the original ores before being

sold directly or upgraded into highalue oil product{2010) i.e., synthetic crude oil (SCO).

Oil sands can be found in several locations aragtedworld, including Canada, Venezuela,

the United States and Russ i asoneAfltht largestandhe o i |
world. According tcAlberta Energy RegulatqAER 2018) the establisheatrude oil reserves

reacted 164 billion bbl by 2018, which wasthe third largest in the worldonly after

Venezuela (3.8 billion bbl) and Saudi Arabia (26&billion bbl) (OPEC 2018)

In Canada, bitumen recovery from oil sands is much more complicated and difficult than
conventional crude oil (CCO) production dueviarious factorsespecially the complexity

and diversity of oil sands composition, high viscosity nature of bitumen antbtti weather

of Canada. This may be the most probable explication for the fact that though Alberta oll
sands were first discovered in as early a¥ t&&ntury, no effective industrial approach
towards bitumen product i on tefl untl earlyt 20 eestery, 6 b1 a c
when the methodology of hot water treatment with caustic (alkaline) was proposed by Dr.

Karl Clark. For a long period of time, oil sandsre not regarded as part of world oil

reserves, primarily due to high capital investmandl operating cost of oil sands industry.

Dominatingfactors encouraging bitumen production from oil sands rely on consecutive boost



in crude oil consumption and development of econtayeficial bitumen recovery

technologies.

Alberta oil sands depositsee | ocated at various depths fror
material above oil sands reserves, usually known as overburden or spoil, ranges from tens of
meters to more than one kilometer. Currently, miremgaction and irsitu extractionare

two major approaches utilized in Canada for commercial production of bitumen from oil

sands reservd€zarnecki, Radoest al.2005)

1 Mining-extraction, which targets at oil sands deposits of overburden less than 70 m.
The tpical stagesof processingmineable oil sandsnvolve the removal of
overburdenthenoil sands are excavated, conditioned, concentrated and purified via
complex phgical and chemical treatments to achieve bitumen production with high
recovery of >90%Most miningextraction is currently operated in Athabasca River
area.

1 In-situ extraction whichfocuses ordeposits of overburden more than 200sumch as
steamassisted gravity drainage (SAGD)-situ oil sands extractiofeaturesbitumen
recovery from deep oil sands reservoirs via wells. Fluid carriers, sudtighs
temperaturesteam, are injected into reservoirs via wells aderbitumen mixtures
are generated irsitu and produced via pumpindpllowed by proper dewatering
Generally 20i 60% of the total in-situ bitumen isrecovered,depending onlocal

geological formation andperationconditions

According to Alberta Energy RegulatOkER 2018)and Canadian Association of Petroleum
Producerg CAPP 2018) the crude bitumen productiowill be boosed from ~2.7 million
bbl/d in 2017 to ~4.2 million bbl/d (estimated) in &b. It is evident that gch considerable

increase in productiowill be mainly contributed by mined and-situ bitumen.



1.2 Background and Motivations: I ndustrial Practice for Mineable Oil Sands

Clarkbés hot water bitumen extraction (HWBE)
making the tremendous subterranean oil resources available(Mastiyah, Zhowet al. 2004,

2013) Asillustrated inFigurel.1, ageneral HWBE procesvers the following key steps

1 Oil sand aremined properly crushed (not showrgnd mixed witthot process water
which comprises water and processing aids (caugbcproduceoil sands aqueous
slurry of 40 55°C.

1 Conditioned d sands slurrys introduced to hydrotransport pipelines orteionblers,
where bitumen detaches from solid and becomes derate

1 Aerated bitumens skimmed off as frotlitypically, consistingof 60% bitumen, 30%
water and 10% solids, in weigtitpm the slurry in gravity separation apparatuses, i.e.,
primary separatio vessels (PSV)while the rest is rejected as extraction tailings (ET).

1 Frothdeaerated and diluted witraphtha japhthenic froth treatmenyFT) or light
paraffins paraffinic froth treatmentPFT), to havemost of thewater and solids
removedrom diluted bitumeras froth treatment tailings (FT.T)

1 Diluted bitumen can be further treated in atmospheric distillation, where bitumen is
produced as product and solvents/diluents are reclaimed for continuous operation.

1 After theretainedsolvent is recovered by tailings solvent recovery unit (TSRU), FTT
is combined witlET and sent to tailings pond.

1 After decantation, most tailings water can be recycled batkeaextraction plant,

making up ~78% of total water consum€&RPP 2018)



Typical OS ores ' Fresh water Histogram legend
10 wt% bitumen Processing aids (caustic)

3 wt% water .
75 wt% rocks/sands Air H Solvent

12 wt% fines

E Bitumen
= Water
Process Walter
A
Conditioning B Sands
Make-up [ -P-s;[-l)g(-j ] Recycled water ® Fines
solvent ey
H I Extraction tailings

-

Tailings pond

= m——— —» Mature fine tailings '

3 Tailings pond |

Naphthenic
/paraffinic
solvent

Froth treatment

or Diluted Reclaimed bitllfllell sent
back to extraction plant

NFT prr bitumen —>  Coarse tailings

Atmospheric Bitumen &P
distillation At 95 % recovery

Figure 1.1 Hot water bitumen extraction (HWBEdhe industrial practice for mineable oll
sands.The height of barsepresents relative mass of each stream, with colors referring to

different components within a stream.

Ever since Clartks pi oneer i ng -wased bitunerd exttaction pnaceds,ethe
technology of bitumen production from mineable oil sands has succeeded in transferring the

0l ocAdbertttbs under ground black gold into a rel.iQ
made Canada the current 5th largest oil producer in the global oil m{@k&P 2018)
Nevertheless, the Clark Hot Water Extraction (CHWE) for mined oil sands presents a series

of operational and environmental issues and challengsesdetailed in the following

subsections

1.2.1 Energy intensity and gredrouse gagmissiors
Bitumen production from mineable oil sands has a relatively high energy intensity, which
was reported in the magnitude of @31 GJ/bbl bitumeiiGosselin, Hrudewt al. 2010) The
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EROEI (Energy Returned on Energy Invested) of the mineable oil sands industry was found
in the order of 814 (comprising bitumen extraction and ugding) (Gray 2010) indicating

that the energy equivalenf 1 bbl of SCO, typically in the form of natural g#és consumed

in order to producen amount of energy equivaletat 8-14 bbl SCO. It has been widely
identified that one major contributor to the high energy intensitghefcurrent HWBE

procedure relies on the relatively high operation temperatur&$4Q).

Several governmetitackinggreenhouse gases5HGs) can be produced in Canada oil sands
industry, including C@ nitrous oxide and methane. Due to the massive production of oil
sands bitumen, the high energy intensity has made the oil sands industry the second largest
direct CQ emissions contributor in AlbertéGosselin, Hrudet al. 2010) Consideringthat

Canada has made a series of international commitments to reduceeBtikSion, including

t he government 6 0 GcHGnmti uttmeea | oow 2603EBCENews| e v e |
2015) it is of crucial urgency and significance for commercial apes to reduce the
guantity of GHGs directly emitted by oil sands industry and keep pace with the federal and

provincial GHG emission strategy.

1.2.2 Poorprocessability opoor-quality ores

The processability of oil sands ores is critically dependent on their quality -qi@ditly ores
containing high bitumen content and low fines allow good bitumen recovery and high froth
quality. However, with the depletion of gogdality ore deposits andcreasing demand on
bitumen production, mining and processing medgnade ores and even legvade ores,

which contain a large content of fines and may get severely weathered, is becoming a norm.
A series of issues exist the current approach for bitumeextraction from poor mineable oil

sands, and many of them become even more difficult to handle during processing ores with



high percent fines. Currentlynajorissues include: 1) reduced bitumen recovery; 2) increased
water/solids content in bitumen floand 3) water (with dissolved salts) contamination in

diluted bitumen(Budziak, VarghaButler et al. 1988, Masliyah, Zhoet al.2004).

1.2.3 Fresh wateconsumption

Water is utilized as extraction medium in CHWE process. Since water is immiscible with
most of the heavy organics in bitumen, large quantities of water with processing aids must be
applied in operation, in order to reduce the viscosity of bitumen andtdecibitumen
liberation and aeration for good recovery. In Alberta, the water used in bitumen extraction
comes from two sourcésthe water recycled from clarified tailings ponds and the fresh water
intake from local rivers. Typically,-3 bbl of fresh weer (CAPP 2018)s consumed for 1 bbl

of bitumen producedvarying among different operators and mining pits. Though such fresh
water only makes up partial (~ 22%) of the total water in{@#PP 2018)the demand on
fresh water is still as high as 182 million’/grear, due to the high bitumen production in
mined oil sands industry. Intensive water withdrawal fromrrigardens the local river
system and has negative impacttba environment. In addition, the monthly flow in local
rivers exhibits extremely large seagorseason varigon. Especially the water flowin

winter is apparently low in local rivers, whichniits the water withdrawal for mineable oll

sandgHooshiar, Uhliket al.2012)

1.2.4 Tailingspond and water pollution
The huge volume of mineral tailings produced in mineable oil sands industry bring quite a
few challenging problems. It is report@@osselin, Hrudewtal. 2010)that at a 90% bitumen

recovery, for 1 bbl SCO production, approximately 3.3 bbl of raw tailings are produced and



discharged to tailings containment ponds. Coarse solids together with a portion of fine solids
are quickly rejected to form dykes and beaches, whéelewatering of such coarse solids is
rapid and convenient to process. However, the majority of finelssantrapping the
remaining water becomes fluid fine tailings, which requires long settling time to further
consolidate and gradually form (in average) 2 bbl mature fine tailings (MFTs), which is
extremely stable over time if untreat€2D10) The MFT contains about 70 wt% water that
cannot be economically and efficiently reeoed using current technologig¥Vang,
Harbottleet al.2014) A notable observation is that the accumulation rate of oil sands tailings
is in thesame magnitude dseshwaterintake, implying that the majority of the freshwater
intake ends up trapped in the MFT. Dag¢aealsthatas a result of continuous expansion of
mineable oil sands operations, depletion of fggade ore deposits and miningloiv-grade
high-fine ones,the total area of tailings ponds increased rapidly frbré knt in 2015
(Canada 2018 220 knt in 2017 (Kent 2017) The presencef tailings ponds brings about a
series of safety and environmental concerns, for example, tailings leakage due to potential
dam/dyke damag@VISE 2015) Attempts to minimize the volume of tailings mainly include
composite/consolidated (CT) process, thin lift drying and chemical assisted
centrifugation/filtration (Gosselin, Hrudeyet al. 2010) Several projectshat focused on
tailings treatment have also been put forward by industrial operators, suchTa&Qlteby
Suncor(Suncor 2015and the atmospheric fines drying technology by Shell Caf\&éasite

2010) However, there is still a long way to go befaesatisfactoryfast and complete

dewatering of MFTcould be achieved

Another problem related to tailings treatment is the solvent/diluent loss to tailings and water
pollution (Allen 2008, Allen 2008)It has been identified that the solvent/diluent that is used
for froth treatment getpartially lost to the froth treatment tailings (FTTs), leading to

increased operating expenditure (OPEX) for new diluent purchase and difficulty in fulfilling



the governmentds diluent |l oss requirement
bitumenproduced). Furthermore, the lost solvent/diluent, together with the residue bitumen
that is not recovered ithe extraction process, contributes to the harmful substances in the
tailings ponds and deteriorates the water quality. For example, polycydmatc
hydrocarbons (PAHs) and naphthenic acids are common hazardous chemicals: PAHs are
toxic, mutagenic and carcinogenf@ilson and Jones 1993, Haritaghd Kaushik 2009)

while naphthenic acids derived from bitumen are far less biodegradable and more harmful to
the environment than commercial naphthenic a¢&ttt, Mackinnoret al. 2005, Kannel
andGan 2012, Brown and Ulrich 20155uch harmful substances present in oil sands tailings
can migrate via wind, evaporation and seepage and therefore become a severe ttigeat to
environment, especially to the local biodiversity and ecological integrity by affecting air
gualty, soil and underground water tabl@¥ang, Harbottleet al. 2014) Recent research fia

been focused on two aspects: reducing organic content in tailings by increasing the recovery
of bitumen from oil sands, and developing advanced catalysts for degradation of those

pollutants(Lazar, Vargheset al.2012)

1.3 Objectives and Scope of This Thesis

The main objective of this work is to develop a novel technical substftut the industrial
HWBE processto producehigh-quality bitumen from mineable oil san@sspecially poor

grade onesat reduced energy consumption and minimized environmental footprint.

In the first part biodiesel wador the first timeemployedas pretreatment diluertb conduct
bitumen extraction frormineable oil sandwithout the use ofaustic at ambient temperature,
which is named biodies@lssisted ambient aqueous bitumen extraction SREA

Fundamental studiem bitumen liberation and aeration revealed the benefit of biodiesel use.



Experimental results of real oil sands agreed well Withhypothesized benefits of biodiesel
pretreatmentshowng thathigherbitumen recovery with fasteand more complettilings

settling were obtainedsing BABE, compared to a benedtale industrial demonstration.

In the second partmodel frother (methyl isobutyl carbinol)and polymer demulsifier
(ethylene oxidepropylene oxide copolymewyere employedogether withBA3BE, tofurther
improve the bitumen extraction performance in mineable oil sands procdssingpet
industrial expectationgitumen recovery wafirther enhancedsing the modified BABE at
reduced solvent consumption, as well [agh-quality diluted bitumen pract with a

substantial reduction in water entrapment.

In the third partan insight into the effect of B¥SE on one important environmental concern,

i.e., the release of toxic naphthenic acids to tailings water, was provided to give a
comprehensive evaluah of this novel mineable oil sands processing technique. The study
revealed a remarkable reduction in the release of toxic naphthenic acids by substituting

industrial HWBE with BABE.

The major contribution of the thesis is th@posalof BA®BE, a novel technical alternative to
process mineable oil sands, in a way where more-tuglity hydrocarbons produced, less
energy is consumed, atiie environmental footprint isninimized A proof-of-concept of this
novel techniqgue was provided by a serief kenchscale demonstrationsyhich clearly
supported the aforementionadvantagesf BABE over the industrial practiceast but not
the least, te proposed BMBE techniquehas big prospect for commercialization because it

requires similar facilitieand procedurethat are alreadgmployed in the current industry.



1.4 Structure of This Thesis

This thesis is organizesh a paper basis. Chapteib3are research articles, either publisired
or ready to be submitted to scientific journals. The key content of each chapter is summarized

as follows:

Chapter 1 gives the introduction of the thesis, including the backgroamd motivations,

objectives and the scope.

Chapter 2 presents a comprehensive literature review on recent technical alternatives for
mineable oil sands, especially the solvem¢grated technologies. The reasons why hybrid

extraction technique is useddawhy biodiesel is chosen as the solvent, are also discussed.

Chapter 3 provides the fundamental study of biodieassisted ambient aqueous bitumen
extraction (BABE) for improved bitumen recovery from model solid surfaead its
performance in treatingeal poorgrade Athabasca oil sands. A complete version of this

chapter has been published as:

Yeling Zhu, Ci Yan, Qingxia Liu, Jacob Masliyah, and Zhenghe Xu*, Biodiassisted
Ambient Aqueous Bitumen Extraction (BBE) from Athabasca Oil Sand&nergy &

Fuels 2018 32 (6), pp 65656576.

Chapter 4 discusses the synergistic effects of two processing aids (frother and polymer
demulsifier) on top of the basic BBE to achieve further improved bitumen recovery and
higher bitumen quality with less trapped water in product, as well as enhanced tailings

settling. A complete version of this chapi®planned to be submitted Emergy & Fuels

Yeling Zhu, Yi Lu, Qingxa Liu, Jacob Masliyah, and Zhenghe X&§nergy of Chemical

Additives to Enhance Bitumen Recovery from Athabasca Oil Sands using Biediesel

10



Assisted Ambient Aqueous Bitumen Extraction @&) Processmanuscript completed

and planned to beubmitted tdEnemgy & Fuels

Chapter 5 investigates theffect of BABE on reduced release of toxic naphthenic acids to
extractiontailings, to provide a comprehensive evaluatioBAFfBE. A complete version of

this chapters planned to beubmitted:

Yeling Zhu, Qingxia Liu, and Zhenghe Xu*, Reduced Naphthenic Acids Release from
Mineable Oil Sands by Using SolvefAssisted Ambient Aqueous Bitumen Extraction

(SA®BE) Process with ReadiBiodegradable Solvent, manuscripmpleted

Chapter 6 summarizes the conclusis of the thesis and recommendations for future research.

All Referencesinclude all the referenced literature in the thesis, which are cited in the

i A u t-Dam@rformat

Appendix |-VI provide additional literature, calculations and figures for each chapter.
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Chapter 2 Literature Review

2.1 SolventIntegrated Techniques for Mineable Oil SandsProcessing

To better resolve the challenges faced in current oil sands ind8sttyidnl.2), a series of
emerging technologies for enhanced bitumen recovery and less environmental footprints have
been proposed and investigated as viable alternativiége toonventional CHWH-rom the
solventusage perspectiyéhese technological alternatives can be roughly classified into two
categoriesl) solventintegratedorocesseswhicharediscussed in the following stsections;

and2) solventfree processeswhicharenot the scope of this thesis aakbriefly described

in Appendixlll. It is notable that in this thesisplgent refers to nonaqueous liquid (gas, in

certaincases) and cabe pure substance or mixture of several substances.

2.1.1 Fundamentalsf Solventintegrated Process

Solventintegrated processing covers a wide range of oil sands processing methods.
Techniques that only incorporate the use of solvent(sklassified as solvent extraction;
techniques that use a small portion of water together with solvent(s) are classified as water
assisted solvent extraction; in addition, certain techniques are essentially derived from
CHWE, but few quantities of solvent(@)e consumed to enhance the extraction performance.

It is important to clarify that CHWE is not herein classified as solrerdlved extraction

even though naphthenic (or paraffinic) solvents are occupied in froth treatment, as the

solvents are merely ad for product purification, but not for bitumen extraction.

Whatever difference may exist among these designs, it is of great importance to understand
what is going on during solvent interiact with oil sands for the development of any solvent

involved etraction.In a general solvenhtegrated extraction, solvent is required to have a

12



good compatibility (i.e. solvation, miscibility or swellingsray 2010) with bitumen, to
achieve a maximumecovery of bitumen from raw feedblanson and Sherk 1979)Vhen
admixed with oil sands (typically in a stirred tank or rotating atioty, solvent solubilizes

and dilutes the entrapped target hydrocarbon (bitumen, or certain fractions of bitumen),
which substantially reduces its viscosity and makes it readily for liberation/separation from
gangue solids. General interactions that osghen a solvent contacts oil sands ores was

suggested by Leung et, 8Leung and Phillips 1985)

1 Solvent transfers from fluid environment to the oil sandsasetf

1 Solvent diffuses into and soaks oil sands matrix.

1T Oi | sands matrix breaks up-upoomfffleet &
solvent.

1 Bitumen dissolves in solvent.

1 Bitumen gets released from the oil sands surface to the fluid environment.

Severafactors strongly affect the kinetics and thermodynamics of the processes mentioned
above, including solvent diffusion and mass transfer, solubility between solvent and bitumen,

and interaction of solids and connate watghgpresence of solvent.

2.1.1.1Solubility

From thebitumen extractiorperspectivethe performance of bitumen recovery is governed

by solubility, that is, the ability of solvent to dissolve and mobilize bitumen fractions, which

in turn shows intense influence on multiple aspeetg., bitumen viscosity control,
solid/liquid separatiorand removal of product impurities. For a specified solvent, certain
bitumen fractions with good solubility can be soaked and dissolved in such solvent and hence
easily recovered, while those with poor solubility are precipitated and left over along with

solid stream. For example, in the industrial practice for froth treatment, compared to naphtha

13
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that allows maximum recovery of all bitumen fractions along with certain impurities (up to 1

wt% fines and 2 wt% emulsified water) in product, in paraffinic frokatment partial

asphaltene fractions that have poor solubility in paraffinic solvents are precipitated with water

and solids, allowing faster settling and resulting in drier and cleaner product.

In as early as 1970s, the Hildebrand solubility pararagtereintroduced to characterize the

ability of bitumen fractions getting dissolved ¢ertainnon-polar solvents. Thélildebrand

solubility parameterscorrelate the solubility of noepolar solvents to their heat of

vaporization and molar volume, providing a satisfactory estimate of solubility of bitunaen in

given solvent. Typically, if a solvent hasset ofparametes closer to that of bitumen, such

solvent is expected to dissolve more bitunfiections at the same concentratiéior higher

accuracy inprediction more studies on the derivatives fSPswere carried onin the last

few decades, assimmarized imable2.1.

Table2.1 Application of Hildebrand solubility parameseand its derivatives in interpreting

bitumen solvent interaction

Calculation of Hi-SPs

Main conclusions

Reference

s

[ Tests are carried out at solvent/bitumen = 40
VIV.

fiSolvent with ~ x& o @& a8 ~
precipitates asphaltene.

T Positive correlation exists between the chain
length of paraffin (or olefins) and the solubilit
of bitumen in such solvent.

(Mitchell and
Speight 1973)

%0  characterizes the maximum volume
fraction of asphaltene soluble in mixture.

1 The extended FlorHuggins (EH) is more
accurate in modeling alkanes.

(Andersen and
Speight 1999)

The average number of monomers in an
asphaltene aggregate was defined asd
introduced for calibration.

fSolvent wit dp @t p @0 O dallows good

bitumen recovery greater than%s5

(Wang, Zhang
et al.2014)
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Due to the limited application of ildebrand solubility parameterin nonpolar systems
where dispersion force is predominant in the intermolecular interactions, it was further
developed as Hansen solubility parameter to deal with more complex system. Hansen
solubility parameter consists of three elements: energy from dispersion for¢esnergy

from dipolar intermolecular forces () and the energy from intermolecular hydrogen bonds

( ) (Hansen 2007)as given irEquation 21.

Yo T 1 | | | | (21)
For a particular substanéewith given interaction radiuBo, the Hansen solubility parameter

states thatA can dissolve inB, if indicator YOO — p. Redelius established a

fundamental research to determine the three solubility parameter elements of an ideal solvent
that dissolve the whole bitumgRedelius 2000)His study on Venezuelan bitumen found

that a solvent, with values of Hansen solubility parameter elements closer to

p ~ p
p X 0 & L) 00 0 & is expected to dissolve all bitumen fractions in tieen

bitumen

In addition tothe solubility parameter (or solvent type), the bitumen concentration also
impacts the solubility of bitumen. Therefore, it is reasondi $olvent to bitumen (S/B)

ratio is a generally acknowledged parameter in any selwgotved extractionFigure2.1A

shows asphaltene concentration in bitumen after treatment as a function of S/B with common
light paraffins at room temperature. Whatever solvent type, it is straightforward that no
bitumen fraction was precipitated whtre bitumen content dominated inixing (at low S/B

ratio). Elevatingthe solvent addition increasl theasphaltenes precipitab and eventually a
steady residual asphaltene concentration in bitumen was achieved at S/B >10. Similar results
were reported by other research@vitchell and Speight 1973, Akbarzadeh, Alboudwaate]

al. 2005) It is reasonable that with increasing addition of light paraffin tvens a much

15



lower solubility parameter compared to asphaltenes, the solubility parameter of the bitumen
paraffin mixture shifts downwards and therefore leads to an increase in asphaltene reject. In
addition,from the solvent typeperspectivethe heavien-heptane showed a higher threshold

S/B for the onset of asphaltene reject than the ligh{ggmane; at the same S/Bheptane

rejects less asphaltenes thapamtane and both can be attributed to the closer Hildebrand

solubility of nheptane to thatfd@itumen (or asphaltene) compared tpantane.
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Figure2.1 Asphaltene content in bitumen after treatment with (A) paraffinic solvents@t 25
and (B) npentane as a function of temperature, at S/B=1.4 and a pressure of d08hpsi

Dabroset al.2007).

Temperature is another factor affecting bitumen solubility in solMéigure 2.1B shows
asphaltene concentration in bitumen after treatment wiffemaneas a function of
temperature. The result reported by Loagal. showed that asphaltene solubility increases
with increasing temperature from -300°C, after which there is a drop in asphaltene

solubility (Long, Dabrost al.2007)
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2.1.1.2Mass Transfer and Solvent Diffusion

A key step in solveninvolved extraction, as mentioned in previous sections, is the diffusion
of solvent into oil sand aggregates and the bitumen layer at the surface afidig®ins.
According to(Leung and Phillips 1985)n dilute systems (oil sands to solvent ratio less than
1:6 w/w), the convective diffusion mass transfer process is the dominant mechanism at early
stage of extraction (up to 85% bitumen recovery), while solvent diffusion into oil sand
aggregates is likg the most important limiting factor déhe final stage of bitumen recovery

or in dense systems. The efficiency of convective diffusion mass transfer process is mainly
dependent on solvent dosage and mechanical aids (such as agitation and ablatiom)i/lwhich

not be discussed further in this review.

The procedure of sol vent di ffusion into bi

diffusion (Leung and Phillips 1985, Durst 2008y given irEquation 2.

0 00— (2.2)

where the mass diffusion flux ) is directly proportional to the mass diffusion coefficient (D)
and the concentration gradient of bitumen in solvent , which is generally regarded to

point from bitumen layer to bulky solvent and perpendictdahe bitunern/'solvent interface.
The bitumen flux can also be expressed regarding the mass transfer coeffi¢heng

and Phillips 1985)as given irEquation 23.
0 QOO ® KEADQAOO— (2.3)

The mass transfer coefficiei®j is proportional to the mass diffusion coefficient. According
to Leung,et al, the timeaveraged mass transfer coefficient was found adequate to describe
the transport of bitumen from bulky bitumen at the surface of oil sand aggregates to the bulky
solvent(Leung and Phillips 1985)n stirred tankbased test, solvent with higher aromaticity
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and lower boiling point, such as benzene and toluene, exhibited 1.4 times tlev¢iraged
mass transfer coefficient that &Gulfsol2329 Gulfsol3139 and kerosene, and therefore

allowed faster bitumen extraction compared to the latter solvents.

Cormackos research team analyzed 9 sol vent
comprehensive study on the effect of mass transfer properties of solverigumen
extraction(Cormack, Kenchingtoret al. 1977) In their study, spherical solids aggregates

were used to model oil sands lumps where bitumen dissolution originates. In such model, the
overall mass transfer coefficient of solvents was determined with respect to that of kerosene,
based on parameters dédg measurable in experiments, including concentrations of bitumen

in solvent, molar volume of solvents and thalependent efficiency of extraction. Cormaatk

al. concluded that highly aromatic solvents, such as toluene, allow bitumen dissok#tion 3

times faster than an essentially aliphatic solvent such as kerosene. However, concern on
Cormackdéds work arose from the fact that thei
into account, as the actual mass transfer efficiency is also influenceaitmgb solubility in

solvent. The mass transfer of aliphatic solvents could be severely restrained by the poor

accessibility othesesolvents into oil sand aggregates due to asphaltene rejection.

Chakrabarty investigated solvent penetration rate, exdratithe and bitumen solubility over

a range of solvents, including polar, apolar aliphatic hydrocarbons, toluene and solvent
mixture (Chakrabagt 2010) as shown inFigure 2.2. Results showed that-pentane, an
aliphatic solvent, outcompeted toluene with respecth& penetration rate into oil sands
matrix, while the latter performed the best among all the testkgris in maximizing
bitumen production. Acetone was discovered to allow the fastest penetration and production
of bitumen, but only extract the least amount of bitumen. It was therefore suggested that a
solvent mixture (termed as FASTER in the refererm@)taining 30 vol% acetone and 70 vol%
pentane, was the best choice among all the tested solvents for oil sands extraction, as it
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reached a satisfactory compromise between reducing production time and increasing the
amount of extracted bitumen, which léd the highest average bitumen extraction rate.
Chakrabartyodés findings are al so seughgnahet ed b
diffusivities of various solvents in bitumgiRru and Phillips 1979)They reported that the
diffusivity of solvent in bitumen increases with decreased molecular weight of solvent but
does not increase with increased aromatic content. Common paraffinic solvents, such as
pentane (D = 14.5x2@n?/s) and hexane (D = 10.7>8.6m?%s), appeared to possess higher
diffusivity than common aromatic solvents, such as toluene (D = 7.98ertf)s) and
benzene (D = 8.19x#@n?/s). Howeverjt was reported thdow aromaticity may not be the

only explanation for higher diffusivity of sadnt, as further study also suppatthe possible
influence of viscosity reduction on the diffusivity when using light hydrocark{gvien,

Bryanet al.2003)

The main conclusion from thmass transfer and solvent diffusion is that bitumen can transfer
faster into the solvents that are essentially aliphatic, polar, and low in molecular weight

compared to aromatic solvents, though in lower quantities due to restrained solubility.
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2.1.1.3Roles offFine Solids and Water

The role of fine solids and water in solventegrated extraction process is not as well
understood as in the froth treatment of HWEP, where the use of solvents impacts the
concentration of such impurities in diluted bitumen prod(&Q10) Paraffinic solvents
facilitate precipitation of partial asphaltenes that agglomerate fime solids and water to
allow easy removal, leading to producing cleaner pro(lab and Liu 2013)On the other

hand, naphthenic solvents can solubilize all SARA (saturates, aromatics, resins and

asphaltaes) components in bitumen and hence retain more impurities.

20



Hooshiaret al, used toluene/heptane mixture for bitumen recovery from two types of
sands oregHooshiar, Uhliket al. 2012) The assay of extracted bitumen indicated that the
guantities of solids and water could show a difference of oveontex ofmagnitude when

the mass ratio of toluene/heptane varied from 70/30 to 0/100. The increase in the relative
abundancy of heptane ithe solvent mixture resulted in higher solids content and reduced
water quantity except for an anomaly for a 10/90 toluene/heptane mixture for both ores. The
mechanism of such trend of solids content in extracted bitumen was na&xpiinedas it

was contradictory to the weknown knowledge of naphthenic and paraffinic froth treatment.

A further study by the same researcher on the type of clays in collected supernatant showed
an enrichment of kaolinite compared to the @#®oshiar, Uhliket al. 2012) It was also

found that claybitumen aggregates, rarely found in the stigated higkgrade ore, appeared

to massively exist in the mediugrade pootprocessing ore. Aggregates with similar
morphology were also detected in the produced tailings, implying that such composites were

relatively stable during the extraction process

2.1.2 SolventExtraction(SE)Process

2.1.2.1Process Description

The initial concept of using solvent in bitumen recovery form oil sands has been proposed
over 60 yearsago (Bauer and Matthews 1948, George 1954, Gordon 1958, Fisch and
Lowman Jr. 1959)Essentially, slvent extraction (SE) process refers to the method tiigit o
nonaqueous solvent is used as the extraction medium to achieve bitumen recovery directly
from mineable oil sandé/Nu and Dabros 2012Pue to the compatibility between bitumen

and seledd solvent/sand nol/little use of watethe problematic processing of the formed

threephase system (bitumen, water and solid) in the wadsed extractio(such as CHWE)
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is converted into a twphase systemd{uted bitumen and solid) by the use of nonaqueous
solvent/s, where the connate emin oil sands typically exists together wgangue solidiue

tos o | hydréphilicity natureA brief summary of researches and trials on SE techniques is
given in Appendix AAs illustrated inFigure 2.3, a typical SE process primarily compsse

the following steps.

91 Slurry preparation. Nonaqueous solvent is added to crushed oil sands for slurry
preparationSolvent types thabave been investigated so far inaymire solvents and
mixtures petroleum distillates and productnd matural extracts and derivatives.

1 Slurry conditioning and extraction. To achieve an acceptable bitumen recovery, a
certain time is required for conditioning, called contact time, which is a function of
ore grade/type, ore lump size, solvent type, S/O ratio, agitation rate, operating
temperature, et€Hooshiar, Uhliket al. 2012) Extraction is a diffusiomcontrolled
process and@an be controlled byarious operatioal factors including temperature,
lump size(Blaine and Geneva 1977agitation(Kelly and Poettmann 1968, Porritt,
Johansoret al. 1978) and integration o$onication/ultrasonicatidmicrowave energy
(Baswick 1976, Hart, Schmifiollerus et al. 1977, Balint, Pinteret al. 1983,
Abramov, Abramo\et al.2009)

1 Solid-liquid separation. Gravitational settling is most commonly employed for
separation of solvent from tailing sludg@éngevine, Carrollet al. 1984, Eppig,
Paspeket al. 1989, Chakrabarty 2010\fter bitumen transfers from oil sand solid
matrix to the solvent phase, coassmdswith entrapped clay minerals and finesd
to quickly settle down to the bottom and formseparatephase, which can be
conveniently removed. The removaltbe remainingclay minerals and fines more
difficult and consume more energy Common aproachesfor this stepinclude

thermal stripping(Kift, Joshi et al. 2015) cyclone(Graham, Helstronet al. 1987,
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Duyvesteyn, Joshet al. 2014) centrifugation(Kift, Joshi et al. 2012) filtration
(Peuker 2014pr a combned useof these Novel method for enhanced fine solid
removal include displacement by a second solvébtyvesteyn and Kift 2012)
electrostatic filtration(Cullinane and Minhas 201&nd use of cationic surfactant (in
the presence of wateflquist and Ammerman 1980)

Crushed oil  Supplementary
sands solvent

Slurry 4
preparation ‘ Solvent ]1—

Reclaimed
solvent

Coarse &
Extraction fine tailings
vessel

Solvent
recovery

tailings

Diluted
bitumen

Figure23The schematic of a typical S(Eunkp Maget e s s .

al. 1982)

1 Solvent recovery from diluted bitumen and solid stream The solvent in diluted
bitumen is usually recovered via distillation by bitumen upgraders and then piped
back tothe extraction site for continuous operation. Both the solvent reclaimed from
diluted bitumen and tailings will be sent backtie extraction step. The dry solids
rejected from tailings solvent recovery may contain the precipitated asphaltenes

fractions.
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It is notable that though SE process promotes recovery from poor processing ore compared to
HWBE, it failed to provide equivalent performanc&hen processing higgrade ores, or the
commonlyb e | i e v epdr o& ¢ & & d(Hogshiar, dJhlikeet al. 2012) One probable
reason for such intriguing phenomenon is that bitumen recovery from solvent sludge could be
substantially affected by the stacking of gangue solid.-fioevores comprise sokdhatare
essentially large inize and contains small quantities of clays/fines, making diluted bitumen
readily entrained in the vacancy formed between solids witieigangue layer. For higfine

ores, such vacancy may be preferably occupied by solids of smaller size, such as fines,

indicating a more compact gangue solid stacking and less diluted bitumen entrainments.

2.1.2.2Challenges of Solvent Extraction Process

Although featuring advantageous extraction efficiency and having been pilotedilfgle

times during the last 60 years, SE processes still face numerous challenges and concerns that
put an obstacle foits commercializationln general, the major challenge for SE processes

rely onthe lackof technique foreconomic and complete separatiorogjanic phasédiluted

bitumen) and gangumaterials $olidsand theentrainedvater);while, aher concernsuch as

solventinduced hazardalsoremain to be cleareahd resolved.

Separationof organic phase and gangue materials includes two parts:climagion of
entrapped solvent from solid tailingand 2) removal of solid from diluted bitume\
number of publicationgBenson 1969, Funk, Priklket al. 1984, Hooshiar, Uhlilet al. 2012)
revealedthat thecostly reclamation ofsolvent from tailings may be the dominating factor
limiting the application of SE processes, especially when dealing with low gradéhates
containhigh content of clays and fingolids The lost solvent in tailingsould introduce
various environmental hazards and recovery of such solventefinitely increasesthe

operating costKenchington and Phillips 1981)
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The solid size distribution and solid surface chemistry are two important factors affecting the
behavior of tailings catensationSimilar to CHWE it is widelyidentified that coarse sands
may notintroduce severeproblems.Coarse sandsvith hydrophilic surface show weak
achesive interactiowith bitumen. Therefore, it is relatively convenient to recover most of
the solvent entrained in coarse tailings, resulting in dry solid that is ready to be sent back to
the deposit for land reclamation. However, the clays/fines are believed to be uhle-tro
makers, even though their roles in fine separation of SE processes are not fully understood
far (Nikakhtari, Wolfet al. 2014) One of the reasons for the difficulty in operating fine solid
separation is the relatively low settling velocityatdys and finesn diluted bitumenwhich

is attributed to the small size of such particsreover, sich phenomenon becomes more
severe when the concentration of clays/fines in diluted bitumen reaches a certairaddgree
leads tothe fhindered settling that retards any further settling/densificationfiole solid
suspensionProcessadditives such as watévieadus, $arkset al. 1977, Sparks and Meadus
1981, Sparks, Meadu al. 1988)or cationic surfactantAlquist and Ammerman 198Gjave

been investigated dsinder or flocculant to trapclays and other siliceous solidand form
larger particlesor flocs that allows easy removal, however the results did not meet
expectations.

The otherimportantfactor isthe solid surface chemistry, which plays a significant role in
solid-liquid interaction.For example,he surface of a portion of fines/clays can beigply
contaminated by bitumen and become more hydroph&lottyar, Sparkst al. 1998, Sparks,
Kotlyar et al.2003) Such fines/clays amalledfioil-wed and can be largely formed when the
fines/clays areseverelycoated by asphaltenesspecially inthe case aliphatic hydrocarbons
are used as nonaqueous sol@tdams 2014)or when weathered or aged oil sand ores are
employed as feedstocld recent researcfZeng 2015)based oratomic force microscopy

provided direct evidence that when cyclohexane was used as solvent, clay particles in oll
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sands can be covered with asphaltemidisin several minutesAs a resultsuch clay minerals
gain a more hydrophobic surface, making thetbly dispersedn organic phase and
thereforemaking it much harderto separat clays from diluted bitumen antb recover
solventfrom fine tailings.

Therefore extremely energyntensive operations, such as thermal stripgidgdin 2014)or
vacuum evaporatiofWu and Dabros 2012are generally required t@coversolvent from

such homogeneous sludge to the extent required by goverremeradge ok4 bbl of overall
solvent loss per thousand bitumen produci(iit, Joshiet al. 2015). To reduce the energy
intensity of thermal strippingt is expected thatolatile solvers with low boiling point (Tb)

and lowlatent heat may beompetentprocessing solvenHowever, it is notable that the
thermal energylemandfor tailings solvent recovery is not simply determinedThybut the
effect of capillary pressure shouédso be highlightedasit plays an important rolen the
vaporization of solvent from fine sdlihonaqueous sludge. The reason is that, during thermal
stripping of nonaqueous sludge, solvent film with concave meniscus residing in
holes/channels formed by fine solids can be largely generated due to -solNeést
interaction, especiallf o r oil-We ft .| Azoprding tothe YoungLaplace guation
these solvent films vaporize at a temperatur
suggeshg the demand oéxtra thermal energy for complete removal of solvent. In addition,
the remaining bitumen in tailingsould also trap certain solvent, making solvent recovery

more difficult.

26



100

[ ]
S
£
¢ 904 - -
g 7, of pentane
S t1at
5 at 1 atm.
@ ]
©
T
@
o
& 80+
£
%
=
]
70 T T T T T I

30 40 50 60 70 80 90 100 110
T(°C)
Figure 2.4 Relationshipbetweenrecovery of tailings pentanand operationtemperature

(Funk, Mayet al.1982)

Direct coking(Phillip 1978)and oxidatiorextraction procesfuyvesteyn and Morley 2010)
have beenstudied as alternativesfor dealing with sludge containing high content of
hydrocarbons that are of commercial value but hard to be reclaimed. In the direct coking
approach(Phillip 1978) solventsoakedslurry was directly used as feed for coker to produce
organic vapor and higholid coke In the oxidationextraction procesgDuyvesteyn and
Morley 2010) the large hydrocarbon molecules in nonaqueous slurry were broken down by
strong oxidizers into smalfagmentsthat are ready to be reclaimed. However, both of them
have not been proven fully successfolvards commerciaation For the aqueous phase
(water and dissolved salts) in diluted bitumen, thejority of the aqueous phaséhat
originates from oil sands is expected to underg@reeipitation with coarse sands get
attachedto fines thoughthe remainingagueousmostly exists in the form ofwaterin-oil

(W/O) emulsionsandis believed hard to be removed by conventional metiiddsakhtari,

Wolf et al.2014)
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Apart from the poor separation between diluted bitumen andygammaterialsconcerns
about solventnduced hazardslso hinder the application of SE process€sough the
flowsheet of typical SE processdsigure 2.3) seems less complicated compared to that of
HWEP (Figure 1.1), it does notsuggesthat SE allows comparativelyreduced cost and less
complexity in operationAs discussed aboy& reduceenergy intensity of distillatiofbased
solvent recovery, volatilsolvent with low boiling poinand low latent headre préerredfor

SE processedt is thaeforeimperative to employ the use obstly airtight facilities in the
entire procesgo minimize solvent losguarante@peration safety and suppress air pollution
(Ryu 2012) Moreover, transportation, storage and recoveryotdtile solventsthat may be
flammable and toxic could become a remarkathlallenge towaraperationsafety which

leads tancreasd CAPEX and OPEX.

Another concern is to select an appropriate solvent that could support satisfactory extraction
performance and minimized environmental footprints at the same Tongate limited data
is available regarding thessesment orestimaion of the environmeratl impactsof using SE
process in mineable oil sands industry.wdeer, an estimation could be provideoy

analyzingthetoxicity and extraction performanaoé different solvents.

High-aromaticity solvents(such as toluenefypically allow a higher recoverythan low
aromaticity solvents, due to better solubilitynfortunately aromatic solventslsotend to
exhibit greater negative impacts on the environmastit shows greatéoxicity andstronger
resistance tdiodegradation. In additigriine solids were reported to be more difficult to be
removel from diluted bitumen when higaromaticity solvent was usddahabi,Gray et al.
2010) In comparison, solvents with low aromaticity (such as light paraffinic solvents) are
less toxic and easier to undergo biodegradatidmle the extraction performance of this type

of solvents is not as good as that of aromatic solv&htsreason is that@ortion of bitumen
(such asasphaltenes) is poorly soluble in such solvemtsking them ceejectedalongwith
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solids. Many studies proged to use a secondary solvent to extract and recover the first
solvent, which raises the risk of making the chemical composition of tailings slurry even
more complex to be treated. In sordesigns where no secondary solvéntused the
asphaltenes fracn is intended to be left in the gangue for disposal, which definitely leads to
an incomplete recovery of bitumen and higher extent of organic pollutant in tailings stream

(Duncan, Freitast al. 1969)

2.1.3 Hybrid Extraction(HE) Process

2.1.3.1Process Description

Aqueousnonaqueous hybrid extraction process, or hybrid extraction (HE), refers to the
processes in which both nonaqueous solvents and water are incorporated for bitumen
recovery from oil sands. It needs to be clarified that in our study, though in qgedaasses

water may be used along with solvent, they are still classified as SE pro@éissddtari,

Wolf et al. 2014) The reason is that, in HE processes, water is used as the predominant
extraction medium for bitumen liberation and recovery; however, in certain SE processes,
water or other aqueous liquid is exclusively employed as the biradjagt (also named as
bridging or agglomerating agent) at low dosage to facilitate coagulation of fines,onhile

nonagueous solvenis employed asxtraction medium.

Commercial operators in oil sands industry have long attempted to develop HE process for
enhanced oil sands processing, in which solvents are mostly regarded as processing aids.
brief summary of researches and trials on HE techniques is given in Apferiglased on

the step where solvent is introduced to the extraction, HE processes can be generally

classified into two types:

29



1 Type-II
Crushed oil SDpedl _[ Solvent }_
sands

Type-1 :

1 lRiver water
|
Slurry v

preparation
Reclaimed
water
Coarse &

Make-up Extraction & iRt Solvent
solvent Froth treatment recovery
—
Recycle Tailings
Solvent pond
Diluted
bitumen
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al. 2018).

1 Type-l: solvent added to oil sands slurry (that is, aftermixing with water).
Solvent is added as a processing aid during oil sands slurry conditioning, followed by
a general water extraction process, to achieve bitumen recovery from gangue minerals,
as illustrated irFigure2.5. Typical examples of this type of HE processes include the
Ot her Six Leases Operationds (OSLO) hot w
low-energy extraction (LEE) proceg¢arjai, Fluryet al. 2012) and US Oil S
(USO6s) Grande (Bain20l4¢ Pi |l ot project

1 Type-ll: solvent added to oil sand ore prior to mixing with water. More recent

research h@been conducted to develop this type of aquemrsaqueous hybrid
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processing of mineable oil san@darjai, Flury et al. 2012, Lin, Heet al. 2015,
Russell 2017, Zhu, Yaet al. 2018) In this alternative, a small amount of solvent
(typically <2 wt% of ore) is directly employed in the pretreatment of oil sands,

followed by a general water extraction process, as illustratejime2.5.

Both types of HE processes feature low solvent use. Similar to SE processes, the viscosity of
bitumen locked irthe solid matrix is reduced by solvent addition in HE processes. However,
the solvent dogge in HE case is typically below 2 wt% of oil sands (or 20 wt% of bitumen
equivalent), which is -2 magnitudes lower than the required amount in most SE processes
(Harjai, Fluryet al.2012, Godin 2014)Such significant difference in the solvent dosage is
attributed to the difference in their processing mechanisms. Distinguished from SE processes
where solvent acts as both bitumen viscosity conditioner and carridrefextraction HE
processes employ solvent exclusively as bitumen viscosity conditioner. Extensive studies
have revealed that with solvent addition up to 20 wt% of bitumen, the viscosity of bitumen
can be substantially reducdy 2-3 magnitudes to-10 P a A's . Sdityci geneially ¢ o
regarded as sufficient to allow a satisfactory bitumen extraction from gangue materials,
regardless of the ore types, solvent types or temper@aheamm, Stasiuét al. 2003, Long,

Drelich et al.2007)

As for the industrial CHWE, caustic (i.e., sodium hydroxide) is typically used for
conditioning oil sands slurry. Masliyah hegplainedthe effect of caustic afllows: the
elevated pH increases the wettability of gangue solid surfatedh facilitates the migration
and release of natural surfactant from bitumeth®bitumenwater interface, and leads to
improved bitumen recovergMasliyah, Zhouet al. 2004) In contrast, as the pretreatment
solvent acts as a partial or complete stdson of caustic in facilitating bitumen liberation
for recovery, HE demonstrates the prospect of processing oil saadsightly alkaline or
even neutral environmentTo-date studes on pilot demonstrations of TydeHE and
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preliminary benckscale trials of Typdl HE have reported satisfactory bitumen recovery at

low or no caustic addition, though stilepended omre characteristicHarjai, Fluryet al.

2012, Godin 2014, Russell 2017) For exampl e, i n OSLOG6s LEE
was found to be in the range of-80% from high/mediungrade oil sand oresyhich

dropped tdb0-80%in the case ofow-grade oneg¢Godin 2A4). Such recoveries were higher

than those operated via causticorporated processing at the same operation temperature (5

35°C).

HE provicesa viable solution to alleviate the problem of tailings handling and formation of
ultra-stable intractable ie sludge (MFTS) in the current industry. It is watiderstoodhat

the use of caustic in CHWE deteriorates the tailings settling: the tailings solids, especially
clays, become anionized at surface and get dispersed due to gmatiaiée electrostatic
repulsion(2010) In comparison, HE allows oil sands processinigwer pH, suggesting that

the extent of clay dispersion could be substantially restrained. As a result, a more rapid and
complete tailings settling could be expected, which is significant to resolve the
abovementioned challenges in water reiegchnd landreclamation (Sectiofh.2.3and1.2.4).
Currently, investigatios on the effect of HE on settling performance of oil sands tailings

mainly focuses on Typl HE (Zhu, Yanet al.2018)

Last but not the least, HE feataréts commercial competitiveness in terms of capital
expenditure. By comparing HE-igQure 2.5) with the industrial CHWE Kigure 1.1), it is
straightforward that they share certain similarities in procedures of ore processing and gangue
handling. Such finding is noticeable, d@ssuggests that most of the current production
facilities can be retained and made full use of in the novel technique; also, capital investment
is mainly required for setup of solvent reallocation system, especially whetglatr

processing is not necesgadue to the use of lowolatility solvent Therefore, the cost for
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the technological upgrade of production facilities is anticipated to be minimized, which is

cruci al for HE6s industrializati on.

2.1.3.2Challenges of Hybrid Extraction Process

Due to the low dosage of solvent addition andssivewater use, many solveirtduced
concerns raised in most SE processes hegubstantially alleviateth HE processes. One
exampleis the storage anchandling of flammable and volatile solvent, whiamay not
becomea challenge for operation safety aaat quality controlasserious aghey arein SE

(Ryu 2012)

However, several solveninduced problems still remain for HE processas,solvent is
appliedat anearly stage of the extraction proceSge problenwith HE processes could be
the poor solvent reclamation from tailingbough the content of tailings solventniet as
high as that of SE tailingsAs illustrated inFigure 2.5, a series ofunits, including
hydrotransport and extraction facilitiésuch as PSV)nvolve the addition, transportation or
recovery of solventlt is therefore likely that a portion folventmight get entrained in
extraction tailings (ET)and end up in tailings pon&ince ET makes up the majority of
tailings, recovery of solvent frorauch tailingscould be intractablelt is notable thathe
solventdispersed and entrappedtailings water mght not be a concerrbecause it could be
reclaimed along with waterfor continuous extraction operation However, the solvent
entrapped in clays and fines remains to be determined and minimized. In addition, the
selection of a proper solvent that makes a balance betwa#sfactory extraction
performance and minimized environmérf@otprints is still of concern, which is similar to

SE processes (Secti@ril.2.9.

There is also a huge knowledge gap regardingviiterinducedproblemsof HE processes.

Common drawbacks in CHWE, such fasmation ofundesirableN/O emulsions in diluted
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bitumen and the generation wiassivesludge tailingsremain to be cleared and determined

in the case of HE

2.1.4 Summary

To make aclearcomparisorbetweensolvent and hybrid extractigorocessingor mineable
oil sands a summary ofeleced importantoperationparameters anBros/Cons is given in

Table2.2. Comparison of other oil sands processing techniques is givieabieA.1.

Table 2.2 Summary ofseleced operation parameters solvent and hybrid extractiofor

mineable oil sands processing.

Techni 50! v} Proces  ppgg CONS
dosa(Temper i
Aintensive slventuse
ASolventrecovery from
Solvent Room Awaterinduced tailings
. Commonly . .
extraction 1.2 temperature or| problems Aserious slventinduced
(SE) above addressed hazards
ADifficulty in choosng proper
solvent
AEase of
Hybrid Room application ASolvent recovery from
. Commonly ; "
extraction <002 temperature or| ARelatively tailings
(HE) ' above enhanced ASolventinduced hazards
operation safety

* Parts of solvent (in weight) required for processing a unit part of oil sands ore.

2.2 BiodieselBasedHybrid Extraction Process

As discussed above, aqueawmaqueous hybrid extraction (HE) procestesture great
advantages ancdompetitivenesgs a novel alternative for bitumen extraction from mineable
oil sands industrywhile a number of knowledge gaps remain to be clarifieduding
solvent selection, processing parameters, and tailings settling behdwionsy study,

biodiesel is selected as the candidate solvent used in a HE method for processing mineable oil
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sands, forimproved bitumen recovery at reduced energy input k&sd environmental

footprint.

2.2.1 Fundamentalsf Biodiesel

Biodieselis a renewable biomasmsed liquid fuel, consisting of monoalkyl est@smirbas

2008) Biodiesel refers to a variety of esterification product of {ohgin fatty acids, which

can be massively produced frgstantoils (such as cangldempand palm oils), animal fats

(beef tallow, pork lard and poultry fat), waste cooking oil (tap greaseé)algagDemirbas

2008, NRC 2018)Biodiesel belongs to a tyé biofuels, which have a long research history

as it is believed to be one of the first tested diesel engine fuels in late (Bg@sunity

2017) However, it has not raised wide attention until recently when its fuel performaasce
improved, and its renewability and environmental friendlingese highlighted.Currently,

biodiesel is identified as one of thedh candidates of diesel substitutes. Biodiesel is miscible

with petrdeumdiesel( r ef erred t o as fidiesel 6 in the fo
otherwise) Blends of biodiesel and diesel are the most common form that biodiesel is
consumed in rethi . Many compBonifeasctwse ttohestfat e t he al
any blends. For instancB,100refers to pure biodiesel, whig20refers to a blend consisting

of 20 vol% ofbiodiesels It is notable that blends containing 20 vdifédiesel or less can be

used in conventional diesel engines with few modificatiRC 2018)

Biodiesel isstudiedas a promising solvenh solventassisted ambient aqueous bitumen
extraction (SABE) for bitumen production from mineable oil sandslist of anticipated

benefits of using biodiesel is discussed in the followingsadtions.
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2.2.1.1Product quality

It is anticipatedthat theuseof biodiesel in hydrocarbon production should not introduce an
evident decline in the quality of retail hydrocarbofifiere may be concerns that the
integration of biodiesel into mineable oil sands extraction could lead to thenpeesf
biodiesel in diluted bitumen, which may be detrimental to the bitumen quality. Considering
its high vaporization temperature, if used as solvent in oil sands extraction and stays in
diluted bitumen, not all of such monoalkyl esters in biodieselbeareclaimed from diluted
bitumen by solvent recovery unit. is reasonable that eonsiderable portion of biodiesel
probably get retained inthe producedbitumen. However, it might not bring about big
problems, because the majority of residual biodigselecules can undergo hydrogen

deoxygenation (HDO) via hydrotreating by bitumen upgraiéray 2010)

The higher heating value (HHV), also knoasgross energy, is a parameter commonly used
to evaluate the amount of energy released by a specified quantity of fuel (initially at room
temperature) once it is combusted and all the products have returned to room temperature
(Basu 2010)Report has shown that biodiesel has a HHV value in the range4df BR/kg,

only slightly lower than that of petrodiesel (43 MJ/kg) and higher than co&84{34J/kg)
(Demirbas 2008)Therefore, the final product, if used as fuel, may not see an evident decline
in product quality, even thoughe containediodiesel is notompletelydeoxygenated and
hence existsn the final product.Actually, according tothe Renewable Fuels Regulations
enacted by the Canadifederal governmdnretail diesel product is mandated to ce2pgp of
renewable fuell{iodiese) by volume at which level the blenddoesnot reducenorsgpower,
torgue when serves in engine comparegdure petroleumdiesel(Natural Resorces Canada

2017, Wolinetz, Heiret al.2019)
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2.2.1.20peration safety

Biodieselappears to bthe preferredsolventregardingvolatility and flammability. Biodiesel

has a high flash point (150°C) and a high vaporization temperature, indicating that it is a safer
choice than most of the nonaqueous solvents that have been investigasetient for

mineable oil sands processjragich as diesel (flash point: 64°@emirbas 2008)

2.2.1.3Environmental impacts

As mentioned above in sectidn2.4 the high solvent loss to the tailings and the toxicity of
solvent are the major obstacles suppressing the application of solgergorated bitumen
extraction processegortunately, he use of biodiesel may provide a good solufmmthis
problem, as biodiesel may bring much less or negligible environmental impacts. Peterson
al. conducted preliminary study on the environmental impacts of biodiesel, showing that the
toxicity of biodiesel is much lower than the case of di¢Belterson and Moéller 2004hn

their tests, no mortalities and few toxic effects were obsermeagits and rabbits with up to
5,000 mg/kg of biodiesel injection. The biodegradation test also revealed that the tested
biodiesel degradedt twice the rate of diesel in soil. Moreover, the degradation of diesel was
found to generate poorly degradable intediates, which were marginally observed in
biodiesel. A more interesting phenomenon was that the presence of biodieset seem
facilitate the biodegradation of diesel, possibly vianwetabolism(Peterson and Moller

2004)

2.2.2 Market Availabilty of Biodieselin Canada

Canada has seea robust increasen biodiesel productionin the last decadeMajor
feedstocks for Canadian biodiesel include yellow grease (used cooking oil), animal fats and

canola oil.According to a report released by FAS/USDA (Foreign Agricultural Service, U.S.
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Department of Agriculture) in 2018 nameplateannualproductionof biodieselin Canada
showed a steadyrowth from ~230 million litersin 2012 to 641 million liters (estimated) in
2018 (STATISTA 2017) as shown inFigure 2.6. A similar trend isfound in the actual
production of biodiesel across Canagdich increased sharply from 100 million liters in
2012, to 550 million liters (estimated) in 20@BTATISTA 2017) It is interestingthat sich
boost in domestibiodieselproductionhelpsCanada become a neibdieselexporterin the
global biofuel market since 2016, as indicated by the imports and exports statistics
(Danielson 2018)In summary the large marketavailability of biodieselacrass Canadas
supported not only by theoost in domestic biodiesel productjdnut also by the continuous

investment on newiodieselproduction plants.
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Figure 2.6 Statistics of biodieseproduction and biodiesel imports/expodsross Canada
(Year 20162018). Data labelled i e and fifo indicate estimated and forecasted values,

respectively. (Data fronfSTATISTA 2017, Danielson 2018)
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Chapter 3  BiodieselAssisted Ambient Aqueous
Extraction (BA*BE) for Bitumen Production from
Mineable Oil Sands

This chapter is part ahe following article published dénergy & Fuels

Yeling Zhu, Ci (David) Yan, Qingxia Liu, Jacob Masliyah, and Zhenghe Biddiesel
Assisted Ambient Aqueous Bitumen Extraction @BE) from Athabasca Oil Sand&pergy
& Fuels, 2018, 32 (6), pp 6565576.

3.1 Abstract

The watetbased extraction process has been almost exclusively used in the current industry
for Athabasca oil sarsdextraction to produce bitumen and heavy oil. However, the current
method is facing various challenges, primarily including high energy intensity, poor
processability with poequality ores, large consumption of fresh water, and concerns on
considerable @ume of tailings. Although the technology of using nonaqueous solvent as
extraction medium has numerous advantages, problems such as solvent loss to tailings and
high capital/operating costs are difficult to address. A biodiesskted ambient aqueous
bitumen extraction (BABE) process has been herein proposed as an alternative te water
based and solvetiiased extraction processes. The results showed a significant improvement
in both froth quality and bitumen recovery (increased fidh9% to D80% with biodiesel
addition) for processing poquality ores at ambient temperature (25°C), which is much
lower than the temperatures used in the current industrial practice54). The aqueous
tailings generated in the BBE process were found to featueester settling and enhanced

densification, which is favorable for recovering processing water and improving land
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reclamation. Furthermore, the innovative & extraction process requires similar facilities
and procedures as the current industrial pra@sesshich can be considered as an advantage

for commercialization.

3.2 Introduction

Athabasca oil sands are one of the most important unconventional petroleum resources and
have become a reliable fossil fuel supply to the world over the last decades. Thadtlar
water proces¢Clark 1929, Clark 1944has been the major method to extract bitumen from
mineable oil sands, which made the tremendous subterranean resources commercially
available. Nevertheless, the hot water extraction process (HWEP) faces numerous challenges
in the current industry. With éhdepletion of easgrocessing ores and increasing demand on
bitumen productiodAER 2018) mining and processing of pequality ores, which contain a
significant amount of fine solids or could be heavily weathered, are becoming a norm.
Processing this type of oil sands ore in HWEP requires more energyretacgs more

waste, making the bitumen production inefficient and less profitable. In the current industry,
2i 3 bbl of intractable mature fine tailings (MFTs) consisting of fine solids, water, and
unrecovered bitumen are generated to produce 1 bbl of dntumesulting in two vital
problems. On the one hand, this huge amount of MFT sludge needs to be stored in engineered
tailings ponds, since no effective practical technology is found for their consolidation. It
raises a series of safety and environmerntakcerns(WISE 2015) such as tailings leakage

and groundwater pollution. On the other hand, a large vobfrfresh water is consumed and
entrapped in MFTs. Furthermore, onlyi8l8 units of energy are produced at the expense of

1 unit of energy consumed in the production process, which is much lower than energy

production from other sources (Table 1). Suchhhegergy intensity is mainly attributed to
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the high operating temperature (&6°C) of current bitumen extraction procgssariai,

Flury et al. 2012) Therefore, there is a great incentive to develop an ambient temperature
process for Athabasca oil sands. However, due to the inherent poor processability of oil sands,
directly reducing theoperating temperature below the current practice would substantially
decrease bitumen recovery. It is thus challenging to further reduce energy intensity and

corresponding GHG emission in the current operation ni@deselin, Hrudet al.2010)

Table3.1 EROEI (EnergyReturn onEnergy Invested) oDifferent Energy ResourcegGray

2010)
Source EROEI
Hydro-electricity? 1171 267
Conventional oif 197 100
wind 18 (in average)
Athabasca mineable oil sands 8.514
In-situ oil sands (SAG) 5.5

2 The high scattering of EROEI in hydrelectricity and conventional oil is attributed to
variability of the resource reserve and local geography.

b SAGD: stearrassisted gravity drainage.

To deal with the challenges faced by the current oil sands industry, nuntecbuslogies

for optimized bitumen production have been proposed as possible alternatives to the HWEP.
Among them, the solvent extraction process (SEP) has been considered to become the most
promising as it features several benefits, including enhancedmdit recovery
(typically >90%) due to an effective reduction of viscosity with the use of solvent. In SEP,
nonaqueous solvents such as hydrocarb@sncan, Freitaset al. 1969, Funk 1979,
Angevine, Carrollet al. 1984) petroleum distillateChung and Dickert 1985, Paspek,

Hauseret al. 1993, Ledbetter, Bishogt al. 2009, Ganer, Wiwcharet al. 2010, Fan, Shafiet
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al. 2015) and natural extrac{§an and Shafie 2012, Bohnert and Verhulst 2013, Fan, Shafie
et al. 2015)are used to solubilize bitumen, separate diluted bitumen from gangue hky solid
liquid separation, and recycle the solvent by distillation. For example, Sparks and Meadus
(Sparks and Meadus 1981, Meadus, Basstaal. 1982, Meadus, Chevriat al. 1982)of the
National Research Council of Canada developed solvent extragimrical agglomeration
(SESA) technology, in which a high bitumen recovery of >90% was achieved frogriule
high-fine ores at an oil sande-solvent mass rat (O/S) of 1:0.66. A twesolvent process
was developed by Shell Li@uyvesteyn 2014, Kift, Joshat al. 2015) In this twaesolvent
SEP, an aromatic solverg..,toluene) is used first to completely extract bitumen from oll
sands, followed by a second, preferably a volatile polar soleegt ihethanol) to elute the
first solvent from resultant tailings for more effective lewergy solvent recovery

(Duyvesteyn 2014, Kift, Joslet al.2015)

Although piloted several timgdleadus, Bassawt al. 1982, Meadus, Chevriat al. 1982)

SEP has so far never been commercialized at any large scale operations. The main reason for
this lack of commercialization is the requirement oélatively large amount of solvent (O/S

ratio commonly in the range of 1:052 w/w) for an acceptable bitumen recovery. Due to
the volatile, flammable, and toxic nature of most organic solvents, purchase, transportation,
storage, and recovery of a largmount of solvent can induce extra capital/operating costs,
severely threaten operating safé®yu 2012) and greatly increase complexity of {r@cess.
Another drawback of SEP is the difficulty in reclamation of solvent from the seboaked
tailings, especially those in the form of sludge containing an abundant amount diNues

and Dabros 2012Although volatilesolvents are preferentially used to allow a relatively low
operating temperature for solvent recovery, the energy intensity of evapdrased solvent

recovery is still too high to make SEP commercially competitive. In the SESA technology for
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example, tk capital and operating expenditure is estimated to be 4 times and 2 times higher

than that in the HWERGodin 2014) respectively.

With increasingly stringent environmental and economic pressures as discussed above, the
pursuit for greater economic benefits and less environmental fastds been promoting

the development of new oil sands extraction technologies. The ags@waat hybrid
bitumen extraction (ASHBE) process, a technology recently proven to be practical in a lab
scale by Xuwet al. (Harjai, Fluryet al.2012) provides an attractive compromise for optimized
processing of oil sands, making use of solvent amdito provide a viable solution to its
drawbacks. It is a particularly viable solution to the current challenge of HWEP, as the
solvent is already used in the downstrearmvagiter separation process of the current HWEP.

In the ASHBE process, oil sand om@® pretreated directly with a relatively small amount of
solvent (typically <2 wt% of the ore) for conditioning before conventional wWased
extraction process. On the basis of an early theory of SEP proposed by Leung and Phillips
(Leung and Phillips 1985}he promises of the ASHBE process can be postulated as follows:
(1) A given portion of solvent (also known as diluent in froth trestnof oil sands industry)

is transferred from a solvent tank to the surface of oil sand ores. (2) Diluent diffuses into the
ore lump and bitumen to reduce the viscosity of bitumen. (3) Seprefreated oil sand ores

are mixed with water in slurry prepmdion, followed by a conventional watkased
extraction process, including slurry hydrotransport and bitumen separation, which has been

well-elaborated by MasliyafMasliyah, Zhowet al.2004)

Studies on different types of oil sands samples demonstrated satisfactory bitumen recovery
from poor processing ores using ASHPBEbcess at ambient temperat(ifarjai, Fluryet al.

2012) Moreover, the performance of bitumen recovery in ASHBE process exhibits little
dependence on the characteristics of ores, indicating a robust process to deal with complex
variability of oil sand ores. Since the dosage of solvent addition in the ASHRIESSris
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much lower than most SEP, and more importantly water is used as the major extraction
medium in the HWEP, the solvent loss to the tailings is significantly reditaeghi, Fluryet

al. 2012) In summary, the novel ASHBE process provides a promising prospect of
processing Athabasca oil sands as an ereaging, commercially competitiveand

environmentally friendly approach.

3.3 BiodieselAssistedHybrid Extraction Process

For an ideal ASHBE process, it is of critical importance to select a specific solvent that
shows good compatibility with bitumen to achieve adequate dilution of bitumnéowa
dosage. Biodiesel, a biomasased green solvent, refers to a variety of esterification products
(typically with methanol) of longhain fatty acids that are derived from vegetable oils,
animal fats, and algagbemirbas 2008)Biodiesel is selected in this study as a candidate
solvent in the oil sands processing for its unique properties, including good bitumen
compatibility with bitumen at ambient temperature, certain moleqdéarity for enhanced
penetration into bitumen, reduced use of processing aids (specifically, caustic), low toxicity,

and good biodegradability, which will be discussed in the following paragraphs.

The biodiesehssisted ambient aqueous bitumen extradBA°BE) process is illustrated in,

with the watetbased extraction process being included for comparison. Hanson solubility
parameters (HSPs) is an important parameter to evaluate the compatibility of a solvent with
bitumen. On the basis of tests with difént solvents on Venezuelan bitumen, Redelius

predicted t hat a solvent shoupy oA aye ARopt.i

- 0 A and) o- 0 A to dissolve all bitumen in oil sandRedelius 2000)A recent
patent by Chakrabarty revealed the benefits of using polar solvent for oil ga@ssing

(Chakrabarty 2013)Although some polar solvents such as acetone were shown to extract
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only a small portion of bitumre a superb penetration efficiency in bitumen of at least 6 folds
higher than the commonly used good solvents such as pentane and toluene has been found

(Chakrabarty 2013)

Figure 3.1 Schematic of the current watbased extraction process (solid lines) and the
innovative biodieseassisted hybrid bitumen extraction process (dashed lidesgmall
amount of biodiesel is added as the process aids upfront for oil gattsatmento reduce

bitumen viscosity and operating temperature.

It is therefore desirable to search for a proper solvent with certain polarity that allows rapid
diffusion and homogenization in bitumen to effectively and rapidly reduce the viscosity of

bitumen in oil sads. As reported by KrahenbifBatista, Guirardelloet al. 2013) the
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