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Abstract 

Surface mining followed by Clarkôs hot water bitumen extraction (HWBE) process has been 

employed in the current mineable oil sands industry for massive bitumen production. This 

method is faced with numerous challenges such as high energy consumption, limited bitumen 

quality, production from poor-processing ores, and intractable sludge tailings settling.  

As a viable alternative to HWBE, a novel biodiesel-assisted ambient aqueous bitumen extraction 

(BA3BE) was developed in this study, which uses no caustic (NaOH) and features pretreating oil 

sands with a relatively small amount of biodiesel prior to extraction. By applying BA3BE, 

bitumen recovery from Athabasca oil sands was substantially improved from ~10% (benchmark) 

to 70ï80% with 20 wt% (with respect to bitumen content) biodiesel addition at ambient 

temperature (25°C). Such temperature is much lower than the case of the current industry 

practice (45ï50°C), indicating a remarkably reduced energy intensity. In addition, BA3BE 

allowed faster settling of oil sands extraction tailings and led to more compact sediment as 

compared to the case using caustic, suggesting a satisfactory tailings treatment. 

To further improve bitumen recovery and product quality, BA3BE was modified by 

incorporating the use of frother and demulsifier. Results indicated that the modified BA3BE 

achieved an increased bitumen recovery from 82.1% (unmodified BA3BE) to 86.4%, with a 

solvent dosage merely equivalent to half of the unmodified case. Further examination of bitumen 

product revealed that modified BA3BE reduced the entrained water impurities by ~1/3 and ~1/2 

as compared to the unmodified case and the HWBE baseline, respectively. 

As part of the environmental impact evaluation, BA3BE was also investigated in the release of 

toxic chemicals such as naphthenic acids, to tailings water. Results showed that BA3BE was able 
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to reduce significantly the total intensity of released naphthenic acids by the range of 13.9ï60.1%, 

depending on the type of ores. This suggests the evident effectiveness of BA3BE in reducing the 

release of major toxic chemicals to 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 high-viscosity bitumen, water and host solids. (Larter and Head 

2014) Economic incentives of oil sands industry rely on the entrapped bitumen or ultra-heavy 

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

sold directly or upgraded into high-value oil product (2010), i.e., synthetic crude oil (SCO).  

Oil sands can be found in several locations around the world, including Canada, Venezuela, 

the United States and Russia. Albertaôs oil sands reserve in Canada is one of the largest in the 

world. According to Alberta Energy Regulator (AER 2018), the established crude oil reserves 

reached 164 billion bbl by 2018, which was the third largest in the world, only after 

Venezuela (302.8 billion bbl) and Saudi Arabia (266.3 billion bbl) (OPEC 2018). 

In Canada, bitumen recovery from oil sands is much more complicated and difficult than 

conventional crude oil (CCO) production due to various factors, especially the complexity 

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

of Canada. This may be the most probable explication for the fact that though Alberta oil 

sands were first discovered in as early as 18th century, no effective industrial approach 

towards bitumen production from these óblack goldsô was invented until early 20th century, 

when the methodology of hot water treatment with caustic (alkaline) was proposed by Dr. 

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

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

Dominating factors encouraging bitumen production from oil sands rely on consecutive boost 
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in crude oil consumption and development of economy-beneficial bitumen recovery 

technologies. 

Alberta oil sands deposits are located at various depths from the earthôs surface. The overlay 

material above oil sands reserves, usually known as overburden or spoil, ranges from tens of 

meters to more than one kilometer. Currently, mining-extraction and in-situ extraction are 

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

sands reserves (Czarnecki, Radoev et al. 2005): 

¶ Mining-extraction, which targets at oil sands deposits of overburden less than 70 m. 

The typical stages of processing mineable oil sands involve the removal of 

overburden, then oil sands are excavated, conditioned, concentrated and purified via 

complex physical and chemical treatments to achieve bitumen production with high 

recovery of >90%. Most mining-extraction is currently operated in Athabasca River 

area. 

¶ In-situ extraction, which focuses on deposits of overburden more than 200 m, such as 

steam-assisted gravity drainage (SAGD). In-situ oil sands extraction features bitumen 

recovery from deep oil sands reservoirs via wells. Fluid carriers, such as high-

temperature steam, are injected into reservoirs via wells and water/bitumen mixtures 

are generated in-situ and produced via pumping, followed by proper dewatering. 

Generally, 20ï60% of the total in-situ bitumen is recovered, depending on local 

geological formation and operation conditions. 

According to Alberta Energy Regulator (AER 2018) and Canadian Association of Petroleum 

Producers (CAPP 2018), the crude bitumen production will be boosted from ~2.7 million 

bbl/d in 2017 to ~4.2 million bbl/d (estimated) in 2035. It is evident that such considerable 

increase in production will be mainly contributed by mined and in-situ bitumen.  
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1.2 Background and Motivations: Industrial Practice for Mineable Oil Sands 

Clarkôs hot water bitumen extraction (HWBE) process is the industrial practice that has been 

making the tremendous subterranean oil resources available to us (Masliyah, Zhou et al. 2004, 

2013). As illustrated in Figure 1.1, a general HWBE process covers the following key steps: 

¶ Oil sands are mined, properly crushed (not shown), and mixed with hot process water, 

which comprises water and processing aids (caustic), to produce oil sands aqueous 

slurry of 40ï55°C.  

¶ Conditioned oil sands slurry is introduced to hydrotransport pipelines or to tumblers, 

where bitumen detaches from solid and becomes aerated.  

¶ Aerated bitumen is skimmed off as froth (typically, consisting of 60% bitumen, 30% 

water and 10% solids, in weight) from the slurry in gravity separation apparatuses, i.e., 

primary separation vessels (PSV), while the rest is rejected as extraction tailings (ET). 

¶ Froth deaerated and diluted with naphtha (naphthenic froth treatment, NFT) or light 

paraffins (paraffinic froth treatment, PFT), to have most of the water and solids 

removed from diluted bitumen as froth treatment tailings (FTT). 

¶ Diluted bitumen can be further treated in atmospheric distillation, where bitumen is 

produced as product and solvents/diluents are reclaimed for continuous operation.  

¶ After the retained solvent is recovered by tailings solvent recovery unit (TSRU), FTT 

is combined with ET and sent to tailings pond. 

¶ After decantation, most tailings water can be recycled back to the extraction plant, 

making up ~78% of total water consumed (CAPP 2018). 



4 
 

 

Figure 1.1 Hot water bitumen extraction (HWBE): the industrial practice for mineable oil 

sands. The height of bars represents relative mass of each stream, with colors referring to 

different components within a stream. 

Ever since Clarkôs pioneering work of hot water-based bitumen extraction process, the 

technology of bitumen production from mineable oil sands has succeeded in transferring the 

ólockedô Albertaôs underground black gold into a reliable and profitable energy supply, and 

made Canada the current 5th largest oil producer in the global oil market (CAPP 2018). 

Nevertheless, the Clark Hot Water Extraction (CHWE) for mined oil sands presents a series 

of operational and environmental issues and challenges, as detailed in the following 

subsections. 

 

1.2.1 Energy intensity and green-house gas emissions 

Bitumen production from mineable oil sands has a relatively high energy intensity, which 

was reported in the magnitude of 0.3-0.4 GJ/bbl bitumen (Gosselin, Hrudey et 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 8-14 (comprising bitumen extraction and upgrading) (Gray 2010), indicating 

that the energy equivalent of 1 bbl of SCO, typically in the form of natural gas, is consumed 

in order to produce an amount of energy equivalent to 8-14 bbl SCO. It has been widely 

identified that one major contributor to the high energy intensity of the current HWBE 

procedure relies on the relatively high operation temperature (40ï55°C). 

Several government-tracking green-house gases (GHGs) can be produced in Canada oil sands 

industry, including CO2, 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 CO2 emissions contributor in Alberta (Gosselin, Hrudey et al. 2010). Considering that 

Canada has made a series of international commitments to reduce GHGs emission, including 

the governmentôs commitment of ó30% GHG cut below 2005ôs level by 2030ô(CBC-News 

2015), it is of crucial urgency and significance for commercial operators to reduce the 

quantity of GHGs directly emitted by oil sands industry and keep pace with the federal and 

provincial GHGs emission strategy. 

 

1.2.2 Poor processability of poor-quality ores 

The processability of oil sands ores is critically dependent on their quality. Good-quality ores 

containing high bitumen content and low fines allow good bitumen recovery and high froth 

quality. However, with the depletion of good-quality ore deposits and increasing demand on 

bitumen production, mining and processing medium-grade ores and even low-grade ores, 

which contain a large content of fines and may get severely weathered, is becoming a norm. 

A series of issues exist in the current approach for bitumen extraction from poor mineable oil 

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



6 
 

high percent fines. Currently, major issues include: 1) reduced bitumen recovery; 2) increased 

water/solids content in bitumen froth and 3) water (with dissolved salts) contamination in 

diluted bitumen (Budziak, Vargha-Butler et al. 1988, Masliyah, Zhou et al. 2004). 

 

1.2.3 Fresh water consumption 

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 and facilitate bitumen 

liberation and aeration for good recovery. In Alberta, the water used in bitumen extraction 

comes from two sources ï the water recycled from clarified tailings ponds and the fresh water 

intake from local rivers. Typically, 2-3 bbl of fresh water (CAPP 2018) is consumed for 1 bbl 

of bitumen produced, varying among different operators and mining pits. Though such fresh 

water only makes up partial (~ 22%) of the total water intake (CAPP 2018), the demand on 

fresh water is still as high as 182 million m3/year, due to the high bitumen production in 

mined oil sands industry. Intensive water withdrawal from river burdens the local river 

system and has negative impact on the environment. In addition, the monthly flow in local 

rivers exhibits extremely large season-to-season variation. Especially, the water flow in 

winter is apparently low in local rivers, which limits the water withdrawal for mineable oil 

sands (Hooshiar, Uhlik et al. 2012). 

 

1.2.4 Tailings pond and water pollution 

The huge volume of mineral tailings produced in mineable oil sands industry bring quite a 

few challenging problems. It is reported (Gosselin, Hrudey et al. 2010) that at a 90% bitumen 

recovery, for 1 bbl SCO production, approximately 3.3 bbl of raw tailings are produced and 
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discharged to tailings containment ponds. Coarse solids together with a portion of fine solids 

are quickly rejected to form dykes and beaches, while the dewatering of such coarse solids is 

rapid and convenient to process. However, the majority of fine solids entrapping 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 untreated (2010). The MFT contains about 70 wt% water that 

cannot be economically and efficiently recovered using current technologies (Wang, 

Harbottle et al. 2014). A notable observation is that the accumulation rate of oil sands tailings 

is in the same magnitude as freshwater intake, implying that the majority of the freshwater 

intake ends up trapped in the MFT. Data reveals that as a result of continuous expansion of 

mineable oil sands operations, depletion of high-grade ore deposits and mining of low-grade 

high-fine ones, the total area of tailings ponds increased rapidly from 176 km2 in 2015 

(Canada 2018) to 220 km2 in 2017 (Kent 2017). The presence of tailings ponds brings about a 

series of safety and environmental concerns, for example, tailings leakage due to potential 

dam/dyke damage (WISE 2015). Attempts to minimize the volume of tailings mainly include 

composite/consolidated (CT) process, thin lift drying and chemical assisted 

centrifugation/filtration (Gosselin, Hrudey et al. 2010). Several projects that focused on 

tailings treatment have also been put forward by industrial operators, such as the TROTM by 

Suncor (Suncor 2015) and the atmospheric fines drying technology by Shell Canada (Website 

2010). However, there is still a long way to go before a satisfactory fast and complete 

dewatering of MFT could 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 gets partially lost to the froth treatment tailings (FTTs), leading to 

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



8 
 

the governmentôs diluent loss requirement (< 4 bbl diluent/solvent loss per thousand bbl 

bitumen produced). Furthermore, the lost solvent/diluent, together with the residue bitumen 

that is not recovered in the extraction process, contributes to the harmful substances in the 

tailings ponds and deteriorates the water quality. For example, polycyclic aromatic 

hydrocarbons (PAHs) and naphthenic acids are common hazardous chemicals: PAHs are 

toxic, mutagenic and carcinogenic (Wilson and Jones 1993, Haritash and Kaushik 2009), 

while naphthenic acids derived from bitumen are far less biodegradable and more harmful to 

the environment than commercial naphthenic acids (Scott, Mackinnon et al. 2005, Kannel 

and Gan 2012, Brown and Ulrich 2015). Such harmful substances present in oil sands tailings 

can migrate via wind, evaporation and seepage and therefore become a severe threat to the 

environment, especially to the local biodiversity and ecological integrity by affecting air 

quality, soil and underground water tables (Wang, Harbottle et al. 2014). Recent research has 

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, Varghese et al. 2012). 

 

1.3 Objectives and Scope of This Thesis 

The main objective of this work is to develop a novel technical substitute for the industrial 

HWBE process, to produce high-quality bitumen from mineable oil sands (especially poor-

grade ones) at reduced energy consumption and minimized environmental footprint. 

In the first part, biodiesel was for the first time employed as pretreatment diluent to conduct 

bitumen extraction from mineable oil sands without the use of caustic at ambient temperature, 

which is named biodiesel-assisted ambient aqueous bitumen extraction (BA3BE). 

Fundamental studies on bitumen liberation and aeration revealed the benefit of biodiesel use. 
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Experimental results of real oil sands agreed well with the hypothesized benefits of biodiesel 

pretreatment, showing that higher bitumen recovery with faster and more complete tailings 

settling were obtained using BA3BE, compared to a bench-scale industrial demonstration. 

In the second part, model frother (methyl isobutyl carbinol) and polymer demulsifier 

(ethylene oxide-propylene oxide copolymer) were employed together with BA3BE, to further 

improve the bitumen extraction performance in mineable oil sands processing to meet 

industrial expectations. Bitumen recovery was further enhanced using the modified BA3BE at 

reduced solvent consumption, as well as high-quality diluted bitumen product with a 

substantial reduction in water entrapment. 

In the third part, an insight into the effect of BA3BE on one important environmental concern, 

i.e., the release of toxic naphthenic acids to tailings water, was provided to give a 

comprehensive evaluation 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 BA3BE. 

The major contribution of the thesis is the proposal of BA3BE, a novel technical alternative to 

process mineable oil sands, in a way where more high-quality hydrocarbon is produced, less 

energy is consumed, and the environmental footprint is minimized. A proof-of-concept of this 

novel technique was provided by a series of bench-scale demonstrations, which clearly 

supported the aforementioned advantages of BA3BE over the industrial practice. Last but not 

the least, the proposed BA3BE technique has big prospect for commercialization because it 

requires similar facilities and procedures that are already employed in the current industry. 

 



10 
 

1.4 Structure of This Thesis 

This thesis is organized on a paper basis. Chapter 3-5 are research articles, either published in 

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 background and motivations, 

objectives and the scope. 

Chapter 2 presents a comprehensive literature review on recent technical alternatives for 

mineable oil sands, especially the solvent-integrated technologies. The reasons why hybrid 

extraction technique is used and why biodiesel is chosen as the solvent, are also discussed. 

Chapter 3 provides the fundamental study of biodiesel-assisted ambient aqueous bitumen 

extraction (BA3BE) for improved bitumen recovery from model solid surface and its 

performance in treating real poor-grade Athabasca oil sands. A complete version of this 

chapter has been published as: 

Yeling Zhu, Ci Yan, Qingxia Liu, Jacob Masliyah, and Zhenghe Xu*, Biodiesel-Assisted 

Ambient Aqueous Bitumen Extraction (BA3BE) from Athabasca Oil Sands, Energy & 

Fuels, 2018, 32 (6), pp 6565ï6576. 

Chapter 4 discusses the synergistic effects of two processing aids (frother and polymer 

demulsifier) on top of the basic BA3BE 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 chapter is planned to be submitted to Energy & Fuels: 

Yeling Zhu, Yi Lu, Qingxia Liu, Jacob Masliyah, and Zhenghe Xu*, Synergy of Chemical 

Additives to Enhance Bitumen Recovery from Athabasca Oil Sands using Biodiesel-
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Assisted Ambient Aqueous Bitumen Extraction (BA3BE) Process, manuscript completed 

and planned to be submitted to Energy & Fuels. 

Chapter 5 investigates the effect of BA3BE on reduced release of toxic naphthenic acids to 

extraction tailings, to provide a comprehensive evaluation of BA3BE. A complete version of 

this chapter is planned to be submitted: 

Yeling Zhu, Qingxia Liu, and Zhenghe Xu*, Reduced Naphthenic Acids Release from 

Mineable Oil Sands by Using Solvent-Assisted Ambient Aqueous Bitumen Extraction 

(SA3BE) Process with Readily-Biodegradable Solvent, manuscript completed. 

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

All References include all the referenced literature in the thesis, which are cited in the 

ñAuthor-Dateò format. 

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

2.1 Solvent-Integrated Techniques for Mineable Oil Sands Processing 

To better resolve the challenges faced in current oil sands industry (Section 1.2), a series of 

emerging technologies for enhanced bitumen recovery and less environmental footprints have 

been proposed and investigated as viable alternatives to the conventional CHWE. From the 

solvent usage perspective, these technological alternatives can be roughly classified into two 

categories: 1) solvent-integrated processes, which are discussed in the following sub-sections; 

and 2) solvent-free processes, which are not the scope of this thesis and are briefly described 

in Appendix III . It is notable that in this thesis, solvent refers to nonaqueous liquid (gas, in 

certain cases) and can be pure substance or mixture of several substances. 

 

2.1.1 Fundamentals of Solvent-Integrated Process 

Solvent-integrated processing covers a wide range of oil sands processing methods. 

Techniques that only incorporate the use of solvent(s) are classified 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(s) are consumed to enhance the extraction performance. 

It is important to clarify that CHWE is not herein classified as solvent-involved extraction 

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

solvents are merely used 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 interaction with oil sands for the development of any solvent-

involved extraction. In a general solvent-integrated extraction, solvent is required to have a 
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good compatibility (i.e. solvation, miscibility or swelling (Gray 2010)) with bitumen, to 

achieve a maximum recovery of bitumen from raw feeds (Hanson and Sherk 1979). When 

admixed with oil sands (typically in a stirred tank or rotating contactor), 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 occur when a solvent contacts oil sands ores was 

suggested by Leung et, al. (Leung and Phillips 1985): 

¶ Solvent transfers from fluid environment to the oil sands surface. 

¶ Solvent diffuses into and soaks oil sands matrix. 

¶ Oil sands matrix breaks up from the ñsofteningò and ñswelling-upò effects of the 

solvent. 

¶ Bitumen dissolves in solvent. 

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

Several factors 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 water in the presence of solvent. 

2.1.1.1 Solubility 

From the bitumen extraction perspective, the 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 aspects, e.g., bitumen viscosity control, 

solid/liquid separation and 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 
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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 froth treatment 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 parameters were introduced to characterize the 

ability of bitumen fractions getting dissolved in certain non-polar solvents. The Hildebrand 

solubility parameters correlate the solubility of non-polar solvents to their heat of 

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

given solvent. Typically, if a solvent has a set of parameters closer to that of bitumen, such 

solvent is expected to dissolve more bitumen fractions at the same concentration. For higher 

accuracy in prediction, more studies on the derivatives of HSPs were carried on in the last 

few decades, as summarized in Table 2.1. 

Table 2.1 Application of Hildebrand solubility parameters and its derivatives in interpreting 

bitumen solvent interaction 

Calculation of Hi -SPs Main conclusions Reference 

‏ ‎ὠ
ɝὌ ὙὝ

ὠ
 

¶ Tests are carried out at solvent/bitumen = 40/1, 

V/V. 

¶ Solvent with ‏ χȢψ ὧὥὰάέὰὧά  

precipitates asphaltene. 

¶ Positive correlation exists between the chain 

length of paraffin (or olefins) and the solubility 

of bitumen in such solvent. 

 

(Mitchell and 

Speight 1973) 
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¶ ‰ȟ characterizes the maximum volume 

fraction of asphaltene soluble in mixture. 

¶ The extended Flory-Huggins (EFH) is more 

accurate in modeling alkanes. 

 

(Andersen and 

Speight 1999) 
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¶ The average number of monomers in an 

asphaltene aggregate was defined as r and 

introduced for calibration. 

¶ Solvent with ‏ȡ ρψȢπ ρωȢπ ὓὖὥallows good 

bitumen recovery greater than 75%. 

(Wang, Zhang 

et al. 2014) 
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Due to the limited application of Hildebrand solubility parameters in non-polar 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 forces (‏), energy 

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

 .as given in Equation 2.1 ,(Hansen 2007) (‏)

Ὑὥ τ‏ ‏ ‏ ‏ ‏ ‏  (2.1) 

For a particular substance A with given interaction radius R0, the Hansen solubility parameter 

states that A can dissolve in B, if indicator ὙὉὈ ρ. Redelius established a 

fundamental research to determine the three solubility parameter elements of an ideal solvent 

that dissolve the whole bitumen (Redelius 2000). His study on Venezuelan bitumen found 

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

ρχ ὓὖὥ
ρ

ςȟ‏ πȟ‏ σ ὓὖὥ
ρ

ς, is expected to dissolve all bitumen fractions in the given 

bitumen. 

In addition to the solubility parameter (or solvent type), the bitumen concentration also 

impacts the solubility of bitumen. Therefore, it is reasonable that solvent to bitumen (S/B) 

ratio is a generally acknowledged parameter in any solvent-involved extraction. Figure 2.1A 

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 when the bitumen content dominated in mixing (at low S/B 

ratio). Elevating the solvent addition increased the asphaltenes precipitation and eventually a 

steady residual asphaltene concentration in bitumen was achieved at S/B >10. Similar results 

were reported by other researchers (Mitchell and Speight 1973, Akbarzadeh, Alboudwarej et 

al. 2005). It is reasonable that with increasing addition of light paraffin that owns a much 
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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 type perspective, the heavier n-heptane showed a higher threshold 

S/B for the onset of asphaltene reject than the lighter n-pentane; at the same S/B, n-heptane 

rejects less asphaltenes than n-pentane and both can be attributed to the closer Hildebrand 

solubility of n-heptane to that of bitumen (or asphaltene) compared to n-pentane. 

 

Figure 2.1 Asphaltene content in bitumen after treatment with (A) paraffinic solvents at 25°C, 

and (B) n-pentane as a function of temperature, at S/B=1.4 and a pressure of 400 psi (Long, 

Dabros et al. 2007) . 

Temperature is another factor affecting bitumen solubility in solvent. Figure 2.1B shows 

asphaltene concentration in bitumen after treatment with n-pentane as a function of 

temperature. The result reported by Long, et al. showed that asphaltene solubility increases 

with increasing temperature from 30-100°C, after which there is a drop in asphaltene 

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

A key step in solvent-involved extraction, as mentioned in previous sections, is the diffusion 

of solvent into oil sand aggregates and the bitumen layer at the surface of oil sand grains. 

According to (Leung and Phillips 1985), in 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 likely the most important limiting factor at the 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 ablation), which will 

not be discussed further in this review. 

The procedure of solvent diffusion into bitumen can be characterized by Fickôs law of 

diffusion (Leung and Phillips 1985, Durst 2008), as given in Equation 2.2. 

ὐ ὈϽ   (2.2) 

where the mass diffusion flux (ὐ) 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 perpendicular to the bitumen/solvent interface. 

The bitumen flux can also be expressed regarding the mass transfer coefficient (Ὧ) (Leung 

and Phillips 1985), as given in Equation 2.3. 

ὐ ὯϽὧ ὧ ȟ×ÈÅÒÅ Ὧ ὈϽ  (2.3) 

The mass transfer coefficient (Ὧ) is proportional to the mass diffusion coefficient. According 

to Leung, et al., the time-averaged 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). In stirred tank-based test, solvent with higher aromaticity 
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and lower boiling point, such as benzene and toluene, exhibited 1.4 times the time-averaged 

mass transfer coefficient that of Gulfsol-2329, Gulfsol-3139 and kerosene, and therefore 

allowed faster bitumen extraction compared to the latter solvents. 

Cormackôs research team analyzed 9 solvents with different aromaticity to give a 

comprehensive study on the effect of mass transfer properties of solvents on bitumen 

extraction (Cormack, Kenchington et 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 readily measurable in experiments, including concentrations of bitumen 

in solvent, molar volume of solvents and time-dependent efficiency of extraction. Cormack et 

al. concluded that highly aromatic solvents, such as toluene, allow bitumen dissolution 3-5 

times faster than an essentially aliphatic solvent such as kerosene. However, concern on 

Cormackôs work arose from the fact that their model did not take the mass transfer limitation 

into account, as the actual mass transfer efficiency is also influenced by bitumen solubility in 

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

accessibility of these solvents into oil sand aggregates due to asphaltene rejection. 

Chakrabarty investigated solvent penetration rate, extraction time and bitumen solubility over 

a range of solvents, including polar, non-polar aliphatic hydrocarbons, toluene and solvent 

mixture (Chakrabarty 2010), as shown in Figure 2.2. Results showed that n-pentane, an 

aliphatic solvent, outcompeted toluene with respect to the penetration rate into oil sands 

matrix, while the latter performed the best among all the tested solvents 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 reference), containing 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 led to the highest average bitumen extraction rate. 

Chakrabartyôs findings are also supported by an earlier study carried out by Fu et al. on the 

diffusivities of various solvents in bitumen (Fu 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 = 14.5×108 cm2/s) and hexane (D = 10.7×108 cm2/s), appeared to possess higher 

diffusivity than common aromatic solvents, such as toluene (D = 7.78×108 cm2/s) and 

benzene (D = 8.19×108 cm2/s). However, it was reported that low aromaticity may not be the 

only explanation for higher diffusivity of solvent, as further study also supported the possible 

influence of viscosity reduction on the diffusivity when using light hydrocarbons (Wen, 

Bryan et al. 2003). 

The main conclusion from the mass 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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Figure 2.2 Different solvents investigated for (A) average penetration rate into oil sands 

matrix; (B) bitumen extraction time; (C) total extracted bitumen; and (D) average bitumen 

extraction rate. Data from Chakrabartyôs study (Chakrabarty 2010). 

 

2.1.1.3 Roles of Fine Solids and Water 

The role of fine solids and water in solvent-integrated 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 product (2010). Paraffinic solvents 

facilitate precipitation of partial asphaltenes that agglomerate with fine solids and water to 

allow easy removal, leading to producing cleaner product (Rao and Liu 2013). On the other 

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

asphaltenes) components in bitumen and hence retain more impurities. 
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Hooshiar et al., used toluene/heptane mixture for bitumen recovery from two types of oil 

sands ores (Hooshiar, Uhlik et al. 2012). The assay of extracted bitumen indicated that the 

quantities of solids and water could show a difference of over one order of magnitude when 

the mass ratio of toluene/heptane varied from 70/30 to 0/100. The increase in the relative 

abundancy of heptane in the 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 not well explained as it 

was contradictory to the well-known 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 ore (Hooshiar, Uhlik et al. 2012). It was also 

found that clay-bitumen aggregates, rarely found in the investigated high-grade ore, appeared 

to massively exist in the medium-grade poor-processing 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 Solvent Extraction (SE) Process 

2.1.2.1 Process Description 

The initial concept of using solvent in bitumen recovery form oil sands has been proposed 

over 60 years ago (Bauer and Matthews 1948, George 1954, Gordon 1958, Fisch and 

Lowman Jr. 1959). Essentially, solvent extraction (SE) process refers to the method that only 

nonaqueous solvent is used as the extraction medium to achieve bitumen recovery directly 

from mineable oil sands (Wu and Dabros 2012). Due to the compatibility between bitumen 

and selected solvent/s and no/little use of water, the problematic processing of the formed 

three-phase system (bitumen, water and solid) in the water-based extraction (such as CHWE) 
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is converted into a two-phase system (diluted bitumen and solid) by the use of nonaqueous 

solvent/s, where the connate water in oil sands typically exists together with gangue solid due 

to solidôs hydrophilicity nature. A brief summary of researches and trials on SE techniques is 

given in Appendix A. As illustrated in Figure 2.3, a typical SE process primarily comprises 

the following steps. 

¶ Slurry preparation . Nonaqueous solvent is added to crushed oil sands for slurry 

preparation. Solvent types that have been investigated so far include pure solvents and 

mixtures, petroleum distillates and products, and natural extracts and derivatives. 

¶ 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, etc (Hooshiar, Uhlik et al. 2012). Extraction is a diffusion-controlled 

process and can be controlled by various operational factors, including temperature, 

lump size (Blaine and Geneva 1977), agitation (Kelly and Poettmann 1968, Porritt, 

Johanson et al. 1978), and integration of sonication/ultrasonication/microwave energy 

(Baswick 1976, Hart, Schmidt-Collerus et al. 1977, Balint, Pinter et al. 1983, 

Abramov, Abramov et al. 2009). 

¶ Solid-liquid separation. Gravitational settling is most commonly employed for 

separation of solvent from tailing sludge (Angevine, Carroll et al. 1984, Eppig, 

Paspek et al. 1989, Chakrabarty 2010). After bitumen transfers from oil sand solid 

matrix to the solvent phase, coarse sands with entrapped clay minerals and fines tend 

to quickly settle down to the bottom and form a separate phase, which can be 

conveniently removed. The removal of the remaining clay minerals and fines is more 

difficult and consumes more energy. Common approaches for this step include 

thermal stripping (Kift, Joshi et al. 2015), cyclone (Graham, Helstrom et al. 1987, 
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Duyvesteyn, Joshi et al. 2014), centrifugation (Kift, Joshi et al. 2012), filtration 

(Peuker 2014) or a combined use of these. Novel methods for enhanced fine solid 

removal include displacement by a second solvent (Duyvesteyn and Kift 2012), 

electrostatic filtration (Cullinane and Minhas 2017) and use of cationic surfactant (in 

the presence of water) (Alquist and Ammerman 1980). 

 

Figure 2.3 The schematic of a typical SE process. (Modified from Funkôs work (Funk, May et 

al. 1982)) 

¶ 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 to the extraction site for continuous operation. Both the solvent reclaimed from 

diluted bitumen and tailings will be sent back to the 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 performance when processing high-grade ores, or the 

commonly-believed ógood-processingô ores (Hooshiar, Uhlik et 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. Low-fine ores comprise solids that are 

essentially large in size and contains small quantities of clays/fines, making diluted bitumen 

readily entrained in the vacancy formed between solids within the gangue layer. For high-fine 

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. 

2.1.2.2 Challenges of Solvent Extraction Process 

Although featuring advantageous extraction efficiency and having been piloted for multiple 

times during the last 60 years, SE processes still face numerous challenges and concerns that 

put an obstacle for its commercialization. In general, the major challenge for SE processes 

rely on the lack of technique for economic and complete separation of organic phase (diluted 

bitumen) and gangue materials (solids and the entrained water); while, other concerns such as 

solvent-induced hazards also remain to be cleared and resolved. 

Separation of organic phase and gangue materials includes two parts: 1) reclamation of 

entrapped solvent from solid tailings, and 2) removal of solid from diluted bitumen. A 

number of publications (Benson 1969, Funk, Prikle et al. 1984, Hooshiar, Uhlik et al. 2012) 

revealed that the costly reclamation of solvent from tailings may be the dominating factor 

limiting the application of SE processes, especially when dealing with low grade ores that 

contain high content of clays and fine solids. The lost solvent in tailings could introduce 

various environmental hazards, and recovery of such solvent definitely increases the 

operating cost (Kenchington and Phillips 1981). 
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The solid size distribution and solid surface chemistry are two important factors affecting the 

behavior of tailings condensation. Similar to CHWE, it is widely identified that coarse sands 

may not introduce severe problems. Coarse sands with hydrophilic surface show weaker 

adhesive interaction with 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 the trouble-

makers, even though their roles in fine separation of SE processes are not fully understood so 

far (Nikakhtari, Wolf et al. 2014). One of the reasons for the difficulty in operating fine solid 

separation is the relatively low settling velocity of clays and fines in diluted bitumen, which 

is attributed to the small size of such particles. Moreover, such phenomenon becomes more 

severe when the concentration of clays/fines in diluted bitumen reaches a certain degree and 

leads to the ñhindered settlingò that retards any further settling/densification of fine solid 

suspension. Process additives such as water (Meadus, Sparks et al. 1977, Sparks and Meadus 

1981, Sparks, Meadus et al. 1988) or cationic surfactant (Alquist and Ammerman 1980) have 

been investigated as binder or flocculant to trap clays and other siliceous solids and form 

larger particles or flocs that allows easy removal, however the results did not meet 

expectations. 

The other important factor is the solid surface chemistry, which plays a significant role in 

solid-liquid interaction. For example, the surface of a portion of fines/clays can be partially 

contaminated by bitumen and become more hydrophobic (Kotlyar, Sparks et al. 1998, Sparks, 

Kotlyar et al. 2003). Such fines/clays are called ñoil-wetò and can be largely formed when the 

fines/clays are severely coated by asphaltenes, especially in the case aliphatic hydrocarbons 

are used as nonaqueous solvent (Adams 2014), or when weathered or aged oil sand ores are 

employed as feedstock. A recent research (Zeng 2015) based on atomic force microscopy 

provided direct evidence that when cyclohexane was used as solvent, clay particles in oil 
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sands can be covered with asphaltenes within several minutes. As a result, such clay minerals 

gain a more hydrophobic surface, making them stably dispersed in organic phase and 

therefore making it much harder to separate clays from diluted bitumen and to recover 

solvent from fine tailings. 

Therefore, extremely energy-intensive operations, such as thermal stripping (Godin 2014) or 

vacuum evaporation (Wu and Dabros 2012), are generally required to recover solvent from 

such homogeneous sludge to the extent required by government (average of <4 bbl of overall 

solvent loss per thousand bitumen production (Kift, Joshi et al. 2015)). To reduce the energy 

intensity of thermal stripping, it is expected that volatile solvents with low boiling point (Tb) 

and low latent heat may be competent processing solvent. However, it is notable that the 

thermal energy demand for tailings solvent recovery is not simply determined by Tb, but the 

effect of capillary pressure should also be highlighted, as it plays an important role in the 

vaporization of solvent from fine solid/nonaqueous 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 solvent-solids 

interaction, especially for the ñoil-wetò clays. According to the Young-Laplace equation, 

these solvent films vaporize at a temperature apparently higher than the solventôs normal Tb, 

suggesting the demand of extra thermal energy for complete removal of solvent. In addition, 

the remaining bitumen in tailings could also trap certain solvent, making solvent recovery 

more difficult. 
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Figure 2.4 Relationship between recovery of tailings pentane and operation temperature 

(Funk, May et al. 1982). 

Direct coking (Phillip 1978) and oxidation-extraction process (Duyvesteyn and Morley 2010) 

have been studied as alternatives for 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), solvent-soaked slurry was directly used as feed for coker to produce 

organic vapor and high-solid coke. In the oxidation-extraction process (Duyvesteyn and 

Morley 2010), the large hydrocarbon molecules in nonaqueous slurry were broken down by 

strong oxidizers into small fragments that are ready to be reclaimed. However, both of them 

have not been proven fully successful towards commercialization. For the aqueous phase 

(water and dissolved salts) in diluted bitumen, the majority of the aqueous phase that 

originates from oil sands is expected to undergo co-precipitation with coarse sands or get 

attached to fines, though the remaining aqueous mostly exists in the form of water-in-oil 

(W/O) emulsions and is believed hard to be removed by conventional methods (Nikakhtari, 

Wolf et al. 2014). 
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Apart from the poor separation between diluted bitumen and gangue materials, concerns 

about solvent-induced hazards also hinder the application of SE processes. Though the 

flowsheet of typical SE processes (Figure 2.3) seems less complicated compared to that of 

HWEP (Figure 1.1), it does not suggest that SE allows comparatively reduced cost and less 

complexity in operation. As discussed above, to reduce energy intensity of distillation-based 

solvent recovery, volatile solvent with low boiling point and low latent heat are preferred for 

SE processes. It is therefore imperative to employ the use of costly airtight facilities in the 

entire process, to minimize solvent loss, guarantee operation safety and suppress air pollution 

(Ryu 2012). Moreover, transportation, storage and recovery of volatile solvents that may be 

flammable and toxic could become a remarkable challenge toward operation safety, which 

leads to increased CAPEX and OPEX.  

Another concern is to select an appropriate solvent that could support satisfactory extraction 

performance and minimized environmental footprints at the same time. To date, limited data 

is available regarding the assessment or estimation of the environmental impacts of using SE 

process in mineable oil sands industry. However, an estimation could be provided by 

analyzing the toxicity and extraction performance of different solvents. 

High-aromaticity solvents (such as toluene) typically allow a higher recovery than low-

aromaticity solvents, due to better solubility. Unfortunately, aromatic solvents also tend to 

exhibit greater negative impacts on the environment, as it shows greater toxicity and stronger 

resistance to biodegradation. In addition, fine solids were reported to be more difficult to be 

removed from diluted bitumen when high-aromaticity solvent was used (Zahabi, Gray et al. 

2010). In comparison, solvents with low aromaticity (such as light paraffinic solvents) are 

less toxic and easier to undergo biodegradation, while the extraction performance of this type 

of solvents is not as good as that of aromatic solvents. The reason is that a portion of bitumen 

(such as asphaltenes) is poorly soluble in such solvents, making them co-rejected along with 
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solids. Many studies proposed 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 some designs where no secondary solvent is used, the 

asphaltenes fraction 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, Freitas et al. 1969). 

 

2.1.3 Hybrid Extraction (HE) Process 

2.1.3.1 Process Description 

Aqueous-nonaqueous 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 certain processes 

water may be used along with solvent, they are still classified as SE processes (Nikakhtari, 

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 binding agent (also named as 

bridging or agglomerating agent) at low dosage to facilitate coagulation of fines, while only 

nonaqueous solvents is employed as extraction 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. A 

brief summary of researches and trials on HE techniques is given in Appendix B. Based on 

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

classified into two types: 
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Figure 2.5 Schematic of general HE processes, with dashed lines specifying the different 

stages of solvent addition between two subtypes (Modified from Yelingôs work (Zhu, Yan et 

al. 2018)). 

¶ Type-I: solvent added to oil sands slurry (that is, after mixing 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 in Figure 2.5. Typical examples of this type of HE processes include the 

Other Six Leases Operationôs (OSLO) hot water extraction (OHWE) process, OSLOôs 

low-energy extraction (LEE) process (Harjai, Flury et al. 2012), and US Oil Sandsô 

(USOôs) Grande Pairie Pilot project (Godin 2014). 

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

research has been conducted to develop this type of aqueous-nonaqueous hybrid 
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processing of mineable oil sands (Harjai, Flury et al. 2012, Lin, He et al. 2015, 

Russell 2017, Zhu, Yan et 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 illustrated in Figure 2.5. 

Both types of HE processes feature low solvent use. Similar to SE processes, the viscosity of 

bitumen locked in the solid matrix is reduced by solvent addition in HE processes. However, 

the solvent dosage in HE case is typically below 2 wt% of oil sands (or 20 wt% of bitumen 

equivalent), which is 1-2 magnitudes lower than the required amount in most SE processes 

(Harjai, Flury et 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 carrier for the extraction, 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 reduced by 2-3 magnitudes to 1-10 PaĀs. Such viscosity is generally 

regarded as sufficient to allow a satisfactory bitumen extraction from gangue materials, 

regardless of the ore types, solvent types or temperature (Schramm, Stasiuk et 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 has explained the effect of caustic as follows: the 

elevated pH increases the wettability of gangue solid surfaces, which facilitates the migration 

and release of natural surfactant from bitumen to the bitumen-water interface, and leads to 

improved bitumen recovery (Masliyah, Zhou et al. 2004). In contrast, as the pretreatment 

solvent acts as a partial or complete substitution of caustic in facilitating bitumen liberation 

for recovery, HE demonstrates the prospect of processing oil sands in a slightly alkaline or 

even neutral environment. To-date, studies on pilot demonstrations of Type-I HE and 
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preliminary bench-scale trials of Type-II HE have reported satisfactory bitumen recovery at 

low or no caustic addition, though still depended on ore characteristics (Harjai, Flury et al. 

2012, Godin 2014, Russell 2017). For example, in OSLOôs LEE project, bitumen recovery 

was found to be in the range of 80-90% from high/medium-grade oil sand ores, which 

dropped to 50-80% in the case of low-grade ones (Godin 2014). Such recoveries were higher 

than those operated via caustic-incorporated processing at the same operation temperature (5-

35°C). 

HE provides a viable solution to alleviate the problem of tailings handling and formation of 

ultra-stable intractable fine sludge (MFTs) in the current industry. It is well understood that 

the use of caustic in CHWE deteriorates the tailings settling: the tailings solids, especially 

clays, become anionized at surface and get dispersed due to particle-particle electrostatic 

repulsion (2010). In comparison, HE allows oil sands processing at lower 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 recycling and land reclamation (Section 1.2.3 and 1.2.4). 

Currently, investigations on the effect of HE on settling performance of oil sands tailings 

mainly focuses on Type-II HE (Zhu, Yan et al. 2018). 

Last but not the least, HE features its commercial competitiveness in terms of capital 

expenditure. By comparing HE (Figure 2.5) with the industrial CHWE (Figure 1.1), it is 

straightforward that they share certain similarities in procedures of ore processing and gangue 

handling. Such finding is noticeable, as it suggests 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 when air-tight 

processing is not necessary, due to the use of low-volatility solvent. Therefore, the cost for 
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the technological upgrade of production facilities is anticipated to be minimized, which is 

crucial for HEôs industrialization. 

2.1.3.2 Challenges of Hybrid Extraction Process 

Due to the low dosage of solvent addition and massive water use, many solvent-induced 

concerns raised in most SE processes may be substantially alleviated in HE processes. One 

example is the storage and handling of flammable and volatile solvent, which may not 

become a challenge for operation safety and air quality control as serious as they are in SE 

(Ryu 2012). 

However, several solvent-induced problems still remain for HE processes, as solvent is 

applied at an early stage of the extraction process. One problem with HE processes could be 

the poor solvent reclamation from tailings, though the content of tailings solvent is not as 

high as that of SE tailings. As illustrated in Figure 2.5, a series of units, including 

hydrotransport and extraction facilities (such as PSV), involve the addition, transportation or 

recovery of solvent. It is therefore likely that a portion of solvent might get entrained in 

extraction tailings (ET) and end up in tailings pond. Since ET makes up the majority of 

tailings, recovery of solvent from such tailings could be intractable. It is notable that the 

solvent dispersed and entrapped in tailings water might not be a concern, because it could be 

reclaimed along with water for 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 between satisfactory extraction 

performance and minimized environmental footprints is still of concern, which is similar to 

SE processes (Section 2.1.2.2). 

There is also a huge knowledge gap regarding the water-induced problems of HE processes. 

Common drawbacks in CHWE, such as formation of undesirable W/O emulsions in diluted 
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bitumen and the generation of massive sludge tailings, remain to be cleared and determined 

in the case of HE. 

 

2.1.4 Summary 

To make a clear comparison between solvent and hybrid extraction processing for mineable 

oil sands, a summary of selected important operation parameters and Pros/Cons is given in 

Table 2.2. Comparison of other oil sands processing techniques is given in Table A.1. 

Table 2.2 Summary of selected operation parameters in solvent and hybrid extraction for 

mineable oil sands processing. 

Technique 
Solvent 

dosage* 

Processing 

Temperature 
PROS CONS 

Solvent 

extraction 

(SE) 

Commonly 

1-2 

Room 

temperature or 

above 

Å Water-induced 

problems 

addressed 

Å Intensive solvent use 

Å Solvent recovery from 

tailings 

Å Serious solvent-induced 

hazards 

Å Difficulty in  choosing proper 

solvent 

Hybrid 

extraction 

(HE) 

Commonly 

< 0.02 

Room 

temperature or 

above 

Å Ease of 

application 

Å Relatively 

enhanced 

operation safety 

Å Solvent recovery from 

tailings 

Å Solvent-induced hazards 

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

 

2.2 Biodiesel-Based Hybrid  Extraction Process 

As discussed above, aqueous-nonaqueous hybrid extraction (HE) processes feature great 

advantages and competitiveness as a novel alternative for bitumen extraction from mineable 

oil sands industry, while a number of knowledge gaps remain to be clarified, including 

solvent selection, processing parameters, and tailings settling behaviors. In my study, 

biodiesel is selected as the candidate solvent used in a HE method for processing mineable oil 
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sands, for improved bitumen recovery at reduced energy input and less environmental 

footprint. 

 

2.2.1 Fundamentals of Biodiesel 

Biodiesel is a renewable biomass-based liquid fuel, consisting of monoalkyl esters (Demirbas 

2008). Biodiesel refers to a variety of esterification product of long-chain fatty acids, which 

can be massively produced from plant oils (such as canola, hemp and palm oils), animal fats 

(beef tallow, pork lard and poultry fat), waste cooking oil (tap grease) and algae (Demirbas 

2008, NRC 2018). Biodiesel belongs to a type of biofuels, which have a long research history 

as it is believed to be one of the first tested diesel engine fuels in late 1890s (Community 

2017). However, it has not raised wide attention until recently when its fuel performance was 

improved, and its renewability and environmental friendliness were highlighted. Currently, 

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

with petroleum diesel (referred to as ñdieselò in the following discussion, unless mentioned 

otherwise). Blends of biodiesel and diesel are the most common form that biodiesel is 

consumed in retail. Many companies use the ñBò factor to state the amount of biodiesel in 

any blends. For instance, B100 refers to pure biodiesel, while B20 refers to a blend consisting 

of 20 vol% of biodiesels. It is notable that blends containing 20 vol% biodiesel or less can be 

used in conventional diesel engines with few modifications (NRC 2018). 

Biodiesel is studied as a promising solvent in solvent-assisted ambient aqueous bitumen 

extraction (SA3BE) for bitumen production from mineable oil sands. A list of anticipated 

benefits of using biodiesel is discussed in the following sub-sections. 
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2.2.1.1 Product quality 

It is anticipated that the use of biodiesel in hydrocarbon production should not introduce an 

evident decline in the quality of retail hydrocarbons. There may be concerns that the 

integration of biodiesel into mineable oil sands extraction could lead to the presence of 

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 biodiesel can be reclaimed from diluted 

bitumen by solvent recovery unit. It is reasonable that a considerable portion of biodiesel 

probably gets retained in the produced bitumen. However, it might not bring about big 

problems, because the majority of residual biodiesel molecules can undergo hydrogen-

deoxygenation (HDO) via hydrotreating by bitumen upgraders (Gray 2010). 

The higher heating value (HHV), also known as gross 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 range of 39-41 MJ/kg, 

only slightly lower than that of petrodiesel (43 MJ/kg) and higher than coal (32-37 MJ/kg) 

(Demirbas 2008). Therefore, the final product, if used as fuel, may not see an evident decline 

in product quality, even though the contained biodiesel is not completely deoxygenated and 

hence exists in the final product. Actually, according to the Renewable Fuels Regulations  

enacted by the Canadian federal government, retail diesel product is mandated to carry 2% of 

renewable fuel (biodiesel) by volume, at which level the blend does not reduce horsepower, 

torque when serves in engine compared to pure petroleum diesel (Natural Resources Canada 

2017, Wolinetz, Hein et al. 2019). 
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2.2.1.2 Operation safety 

Biodiesel appears to be the preferred solvent regarding volatility 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 investigated as solvent for 

mineable oil sands processing, such as diesel (flash point: 64°C) (Demirbas 2008).  

2.2.1.3 Environmental impacts 

As mentioned above in section 1.2.4, the high solvent loss to the tailings and the toxicity of 

solvent are the major obstacles suppressing the application of solvent-incorporated bitumen 

extraction processes. Fortunately, the use of biodiesel may provide a good solution for this 

problem, as biodiesel may bring much less or negligible environmental impacts. Peterson et 

al. conducted preliminary study on the environmental impacts of biodiesel, showing that the 

toxicity of biodiesel is much lower than the case of diesel (Peterson and Möller 2004). In 

their tests, no mortalities and few toxic effects were observed on rats and rabbits with up to 

5,000 mg/kg of biodiesel injection. The biodegradation test also revealed that the tested 

biodiesel degraded at twice the rate of diesel in soil. Moreover, the degradation of diesel was 

found to generate poorly degradable intermediates, which were marginally observed in 

biodiesel. A more interesting phenomenon was that the presence of biodiesel seemed to 

facilitate the biodegradation of diesel, possibly via co-metabolism (Peterson and Möller 

2004). 

 

2.2.2 Market Availability of Biodiesel in Canada 

Canada has seen a robust increase in biodiesel production in the last decade. Major 

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, the nameplate annual production of biodiesel in Canada 

showed a steady growth from ~230 million liters in 2012, to 641 million liters (estimated) in 

2018 (STATISTA 2017), as shown in Figure 2.6. A similar trend is found in the actual 

production of biodiesel across Canada, which increased sharply from 100 million liters in 

2012, to 550 million liters (estimated) in 2018 (STATISTA 2017). It is interesting that such 

boost in domestic biodiesel production helps Canada become a net biodiesel exporter in the 

global biofuel market since 2016, as indicated by the imports and exports statistics 

(Danielson 2018). In summary, the large market-availability of biodiesel across Canada is 

supported not only by the boost in domestic biodiesel production, but also by the continuous 

investment on new biodiesel production plants. 
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Figure 2.6 Statistics of biodiesel production and biodiesel imports/exports across Canada 

(Year 2010-2018). Data labelled ñeò and ñfò indicate estimated and forecasted values, 

respectively. (Data from (STATISTA 2017, Danielson 2018)) 
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Chapter 3  Biodiesel-Assisted Ambient Aqueous 

Extraction (BA 3BE) for Bitumen Production from 

Mineable Oil Sands 

 

This chapter is part of the following article published on Energy & Fuels. 

Yeling Zhu, Ci (David) Yan, Qingxia Liu, Jacob Masliyah, and Zhenghe Xu*, Biodiesel-

Assisted Ambient Aqueous Bitumen Extraction (BA3BE) from Athabasca Oil Sands, Energy 

& Fuels, 2018, 32 (6), pp 6565ï6576. 

 

3.1 Abstract 

The water-based extraction process has been almost exclusively used in the current industry 

for Athabasca oil sands extraction to produce bitumen and heavy oil. However, the current 

method is facing various challenges, primarily including high energy intensity, poor 

processability with poor-quality ores, large consumption of fresh water, and concerns on 

considerable volume 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 biodiesel-assisted ambient aqueous 

bitumen extraction (BA3BE) process has been herein proposed as an alternative to water-

based and solvent-based extraction processes. The results showed a significant improvement 

in both froth quality and bitumen recovery (increased from Ḑ10% to Ḑ80% with biodiesel 

addition) for processing poor-quality ores at ambient temperature (25°C), which is much 

lower than the temperatures used in the current industrial practice (40ï55°C). The aqueous 

tailings generated in the BA3BE process were found to feature faster settling and enhanced 

densification, which is favorable for recovering processing water and improving land 
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reclamation. Furthermore, the innovative BA3BE extraction process requires similar facilities 

and procedures as the current industrial processes, which 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. The Clark hot 

water process (Clark 1929, Clark 1944) has 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 the depletion of easy-processing ores and increasing demand on 

bitumen production (AER 2018), mining and processing of poor-quality 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 energy and produces more 

waste, making the bitumen production inefficient and less profitable. In the current industry, 

2ï3 bbl of intractable mature fine tailings (MFTs) consisting of fine solids, water, and 

unrecovered bitumen are generated to produce 1 bbl of bitumen, resulting 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 environmental concerns (WISE 2015), such as tailings leakage 

and groundwater pollution. On the other hand, a large volume of fresh water is consumed and 

entrapped in MFTs. Furthermore, only 8.5ï14 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). Such high energy intensity is mainly attributed to 
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the high operating temperature (40ï55°C) of current bitumen extraction process (Harjai, 

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 the operating 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 mode (Gosselin, Hrudey et al. 2010). 

Table 3.1 EROEI (Energy Return on Energy Invested) of Different Energy Resources (Gray 

2010) 

Source EROEI  

Hydro-electricity a 11 ï 267 

Conventional oil a 19 ï 100 

Wind 18 (in average) 

Athabasca mineable oil sands 8.5-14 

In-situ oil sands (SAGD b) 5.5 

a The high scattering of EROEI in hydro-electricity and conventional oil is attributed to 

variability of the resource reserve and local geography. 

b SAGD: steam-assisted gravity drainage. 

 

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

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 enhanced bitumen recovery 

(typically >90%) due to an effective reduction of viscosity with the use of solvent. In SEP, 

nonaqueous solvents such as hydrocarbons (Duncan, Freitas et al. 1969, Funk 1979, 

Angevine, Carroll et al. 1984), petroleum distillates (Chung and Dickert 1985, Paspek, 

Hauser et al. 1993, Ledbetter, Bishop et al. 2009, Garner, Wiwchar et al. 2010, Fan, Shafie et 
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al. 2015), and natural extracts (Fan and Shafie 2012, Bohnert and Verhulst 2013, Fan, Shafie 

et al. 2015) are used to solubilize bitumen, separate diluted bitumen from gangue by solidï

liquid separation, and recycle the solvent by distillation. For example, Sparks and Meadus 

(Sparks and Meadus 1981, Meadus, Bassaw et al. 1982, Meadus, Chevrier et al. 1982) of the 

National Research Council of Canada developed solvent extraction-spherical agglomeration 

(SESA) technology, in which a high bitumen recovery of >90% was achieved from low-grade 

high-fine ores at an oil sands-to-solvent mass ratio (O/S) of 1:0.66. A two-solvent process 

was developed by Shell Ltd (Duyvesteyn 2014, Kift, Joshi et al. 2015). In this two-solvent 

SEP, an aromatic solvent (e.g., toluene) is used first to completely extract bitumen from oil 

sands, followed by a second, preferably a volatile polar solvent (e.g., methanol) to elute the 

first solvent from resultant tailings for more effective low-energy solvent recovery 

(Duyvesteyn 2014, Kift, Joshi et al. 2015). 

Although piloted several times (Meadus, Bassaw et al. 1982, Meadus, Chevrier et 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 of a relatively large amount of solvent (O/S 

ratio commonly in the range of 1:0.5ï1:2 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 large amount of solvent can induce extra capital/operating costs, 

severely threaten operating safety (Ryu 2012), and greatly increase complexity of the process. 

Another drawback of SEP is the difficulty in reclamation of solvent from the solvent-soaked 

tailings, especially those in the form of sludge containing an abundant amount of fines (Wu 

and Dabros 2012). Although volatile solvents are preferentially used to allow a relatively low 

operating temperature for solvent recovery, the energy intensity of evaporation-based solvent 

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

than that in the HWEP (Godin 2014), respectively. 

With increasingly stringent environmental and economic pressures as discussed above, the 

pursuit for greater economic benefits and less environmental footprints has been promoting 

the development of new oil sands extraction technologies. The aqueous-solvent hybrid 

bitumen extraction (ASHBE) process, a technology recently proven to be practical in a lab 

scale by Xu et al. (Harjai, Flury et al. 2012), provides an attractive compromise for optimized 

processing of oil sands, making use of solvent addition to 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 downstream oilïwater separation process of the current HWEP. 

In the ASHBE process, oil sand ores are pretreated directly with a relatively small amount of 

solvent (typically <2 wt% of the ore) for conditioning before conventional water-based 

extraction process. On the basis of an early theory of SEP proposed by Leung and Phillips 

(Leung and Phillips 1985), the promises of the ASHBE process can be postulated as follows: 

(1) A given portion of solvent (also known as diluent in froth treatment of 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) Solvent-pretreated oil sand ores 

are mixed with water in slurry preparation, followed by a conventional water-based 

extraction process, including slurry hydrotransport and bitumen separation, which has been 

well-elaborated by Masliyah (Masliyah, Zhou et al. 2004). 

Studies on different types of oil sands samples demonstrated satisfactory bitumen recovery 

from poor processing ores using ASHBE process at ambient temperature (Harjai, Flury et 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 ASHBE process is 
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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 reduced (Harjai, Flury et 

al. 2012). In summary, the novel ASHBE process provides a promising prospect of 

processing Athabasca oil sands as an energy-saving, commercially competitive, and 

environmentally friendly approach. 

 

3.3 Biodiesel-Assisted Hybrid  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 bitumen at low 

dosage. Biodiesel, a biomass-based green solvent, refers to a variety of esterification products 

(typically with methanol) of long-chain fatty acids that are derived from vegetable oils, 

animal fats, and algae (Demirbas 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 molecular polarity 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 biodiesel-assisted ambient aqueous bitumen extraction (BA3BE) process is illustrated in, 

with the water-based 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 different solvents on Venezuelan bitumen, Redelius 

predicted that a solvent should have ñoptimum HSPsò around ɿ ρχ -0ÁȾ , ɿ

π -0ÁȾ and ɿ σ -0ÁȾ  to dissolve all bitumen in oil sands (Redelius 2000). A recent 

patent by Chakrabarty revealed the benefits of using polar solvent for oil sands processing 

(Chakrabarty 2013). Although some polar solvents such as acetone were shown to extract 
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only a small portion of bitumen, 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 water-based extraction process (solid lines) and the 

innovative biodiesel-assisted hybrid bitumen extraction process (dashed lines). A small 

amount of biodiesel is added as the process aids upfront for oil sands pre-treatment to 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 sands. As reported by Krähenbühl (Batista, Guirardello et al. 2013), the 












































































































































































































































































































