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Abstract: Oil sand tailings from bitumen extraction contain various contaminants, including poly-
cyclic aromatic hydrocarbons, BTEX, and naphthenic acids, which can leak into surrounding en-
vironments, threatening aquatic ecosystems and human health. These tailings also contribute to
environmental issues such as habitat disruption and greenhouse gas emissions. Despite these chal-
lenges, oil sand tailings hold significant potential for waste-to-resource recovery as they contain
valuable minerals like rare earth elements (REEs), titanium, nickel, and vanadium. Traditional metal
extraction methods are environmentally damaging, requiring high energy inputs and generating dust
and harmful emissions. Furthermore, the coating of hydrocarbons on mineral surfaces presents an
additional challenge, as it can inhibit the efficiency of metal extraction processes by blocking access
to the minerals. This highlights the need for alternative, eco-friendly approaches. Bioleaching, which
uses microorganisms to extract metals, emerges as a sustainable solution to unlock the valuable
metals within oil sand tailings. This review discusses the minerals found in oil sand tailings, the
challenges associated with their extraction, methods from hydrocarbon removal from minerals, and
bioleaching as a potential metal recovery method.

Keywords: bioremediation; bioleaching; hydrocarbon degradation; minerals; metal recovery; rare
earth elements; Athabasca oil sands; circular economy

1. Introduction

Oil sands in Canada represent one of the largest petroleum reserves worldwide [1].
With an expansive area of more than 100,000 km2, Alberta’s oil sands yield approximately
3.3 million barrels of bitumen daily, underscoring its pivotal role in Canada’s domestic
energy production and economic landscape [2,3]. Bitumen extraction from oil sands has
long been a cornerstone of the global energy industry [4] (Figure 1A). However, during the
extraction process, various impurities such as fine clay particles, water, residual bitumen,
and chemicals accumulate, leading to the formation of waste streams, known as oil sand
tailings [5].

In a recent report, the Alberta Energy Regulator stated that the collective volume of oil
sand tailings in the Athabasca oil sands region had expanded to 1392 million cubic meters
(mm3) in 2022 from 1075 mm3 in 2021 [6] (Figure 1B). Based on current trends and the
ongoing growth of oil sand extraction activities in Alberta, it is anticipated that the volume
of oil sand tailings will continue to rise in the coming years.

The storage and management of oil sand tailings raise significant environmental con-
cerns. Firstly, the storage and management of these tailings often result in the creation
of large ponds, which can disrupt natural habitats and potentially lead to water and soil
contamination [7]. Furthermore, the release of greenhouse gasses, primarily methane, from

Minerals 2024, 14, 1093. https://doi.org/10.3390/min14111093 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min14111093
https://doi.org/10.3390/min14111093
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0002-0882-7251
https://orcid.org/0000-0001-6633-4247
https://doi.org/10.3390/min14111093
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min14111093?type=check_update&version=1


Minerals 2024, 14, 1093 2 of 19

these tailings is particularly worrisome due to its environmental impact [8]. Additionally,
the presence of toxic compounds, such as mercury, arsenic, and polycyclic aromatic hydro-
carbons (PAHs) in oil sand tailings and their potential to leach into nearby water bodies
present a threat to aquatic ecosystems and human health [9,10].
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Despite the challenges presented by oil sand tailings, a latent wealth of valuable
metals lies concealed within [11]. The minerals and metals found in these tailings present
an interesting opportunity for valorization. The concept of valorization goes beyond merely
reducing the environmental impact of these tailings; it transforms what was once deemed
as waste into valuable resources. The importance of this is highlighted by the presence
of valuable metals within oil sand tailings, such as rare earth elements (REEs), vanadium,
nickel, and copper, which are essential components in various industries [12].

Typically, pyrometallurgy and hydrometallurgy are employed for metal extraction
from primary and secondary sources (ores and tailings respectively) [13,14]. Pyrometallurgy
involves methods, such as smelting and refining at high temperatures, and demands vast
energy and capital investments. It also contributes to hazardous gas emissions, such as
SO2 [15]. Hydrometallurgy, on the other hand, utilizes aqueous solutions for leaching,
purification, and metal recovery. It operates at lower temperatures and capital costs
compared to pyrometallurgy. However, it raises concerns about chemical disposal and the
production of harmful off-gasses [16].

In the search for sustainable solutions, biomining emerges as a promising approach to
unlock the hidden wealth within oil sand tailings [17,18]. Notably, bioleaching, a subset of
biomining, has been successfully employed in the extraction of precious metals, including
gold and copper, from printed circuit boards and electronic waste, providing a proven
precedent for this innovative approach [19,20]. This review explores how biomining can
be applied to oil sand tailings, challenging the conventional perception of these tailings as
waste. It provides an in-depth analysis of the organic and inorganic composition of these
tailings, discusses the microbial degradation of residual bitumen for mineral extraction, and
evaluates biomining as a more sustainable alternative to traditional extraction methods.

2. Organic and Inorganic Composition of Oil Sand Tailings

During bitumen extraction from oil sands, three primary waste streams are typically
produced: coarse sand tailings (CSTs), fluid fine tailings (FFTs), and tailing solvent recovery
unit (TSRU) [1]. CSTs primarily contain sand (particle size exceeding 44 µm), while FFTs,
with 15%–30% m/v solid content, consist mainly of fines (particle size less than 44 µm) [1].
FFTs undergo settling for 1–2 years, resulting in the formation of mature fine tailings (MFTs),
characterized by a highly dense, tar-like consistency, containing over 30% m/v solid content
and particle sizes exceeding 30 µm [21]. A TSRU is a smaller stream resulting from the
addition of solvent, like naphtha, to the extracted bitumen froth or concentrate [22,23].

The composition of these tailings is influenced by factors such as ore quality, age,
source, and extraction processes [24]. The tailings typically consist of a diverse mixture of
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aliphatic and aromatic hydrocarbons, including n-alkanes (such as heptane, octane, and
nonane), BTEX compounds (benzene, toluene, ethylbenzene, and xylenes), naphthenic acids
(NAs), and iso-paraffins. Another significant component is unrecovered bitumen, which
includes complex, insoluble asphaltenes making up 2% to 5% by weight (wt%) [25,26].

Inorganic components include clay-sized minerals dominated by kaolinite, quartz,
and illite-smectite, along with trace amounts of minerals such as pyrite, siderite, anatase,
and rutile [27]. Oil sand tailings also contain heavy minerals like zircon, apatite, monazite,
ilmenite, and tourmaline, primarily in sediment phases [27,28] (Table 1).

Table 1. Mineral composition of oil sand tailings.

Mineral Element of Interest TSRU (wt%) FFT (wt%) MFT
(wt%) Reference

Pyrite Iron (Fe), Sulfur (S) 13.4 0.8 - [29]

Kaolinite Aluminum (Al), Silicon (Si) 15.4 27.6 36 [30–32]

Monazite REEs Trace - - [12]

Illite Aluminum (Al), Potassium (K) 5.3 10.1–15.3 30.7 [30–33]

Sidereite Iron (Fe) 6.6 ± 3.8 4 3.2 [30,32,34]

Quartz Silicon 57 ± 13 25 27.4 [31,32,34]

Zircon Zirconium (Zr), Hafnium (Hf) 2.2 - [30]

Anatase Titanium (Ti) 2.1 1 - [30,32]

TSRU: Tailing solvent recovery unit; FFT: Fluid fine tailings; MFT: Mature fine tailings.

The concentrated presence of valuable metals, including vanadium (1380 mg/kg),
nickel (540 mg/kg), copper (70 mg/kg), titanium (29,100 mg/kg), zirconium (9670 mg/kg),
and REEs (1204 mg/kg), in different oil sand tailing types highlights the resource potential
of these waste streams [12,33–35]. This composition presents significant opportunities for
resource recovery, aligning with the principles of a circular economy. By utilizing these
materials, environmental burdens can be transformed into economically valuable assets,
promoting sustainable resource management.

Companies like Titanium Corporation and MGX Minerals Inc. are advancing recovery
methods, focusing on technologies to reclaim valuable resources from oil sand opera-
tions [36,37]. Similarly, Halifax-based Ucore Rare Metals has made significant strides in
extracting REEs from oil sand tailings with its proprietary processes. It has successfully
leached select metals into various acidic pregnant leach solutions (PLSs) and is currently
working to separate the ions and precipitate them as nearly pure carbonate salts using its
proprietary Superlig®-One process [11].

Current metal extraction methods from oil sand waste typically involve acid leach-
ing and smelting, achieving significant recovery rates for some metals. However, these
methods can also lead to environmental pollution and resource wastage due to bitumen
combustion [33,38]. The diverse mineralogy and complex chemical composition of oil sand
tailings further challenge the efficiency of these traditional techniques, highlighting the
need for alternative approaches. Bioleaching emerges as a more sustainable and effec-
tive solution for metal recovery in this context. Bioleaching utilizes naturally occurring
microorganisms to selectively solubilize metals from their mineral matrices, significantly
improving recovery rates while minimizing the need for high-temperatures and harsh
chemicals [39]. Bioleaching has been effectively utilized to recover metals found in different
industrial wastes, indicating its potential for extracting similar metals present in oil sand
tailings [40–43]. Moreover, bioleaching can effectively mobilize metals from solid phases,
such as monazite and zircon, which are otherwise challenging to extract [44,45].

By applying bioleaching to oil sand tailings, valuable metals can be extracted while
also utilizing hydrocarbons present in the tailings that would typically go to waste in
traditional methods. This sustainable approach not only enhances metal recovery but
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also reduces environmental impact, making it an effective alternative for addressing the
challenges posed by oil sand tailings.

3. Removal of Residual Bitumen and Other Hydrocarbons from Mineral Surface

Metal recovery from minerals, such as zircon, monazite, pyrite, and anatase, from
oil sand tailings poses a significant challenge due to bitumen coating on the mineral
surface [46,47]. The humic content associated with organic-rich solids (clay minerals) tends
to adsorb and securely bind bitumen to both internal and external aggregate surfaces [48,49].
Bitumen, being a heavy hydrocarbon with complex molecular structures, tends to form a
cohesive and adhesive layer on the surface of mineral particles. This coating increases the
surface tension of the minerals, influencing various aspects of their physical and chemical
interactions, thereby impacting overall mineral behavior [50]. Therefore, it is necessary to
remove the hydrocarbon coating from the mineral before extracting the metal (Figure 2).
This section briefly discusses different methods utilized for the removal of residual bitumen
and other hydrocarbons from the ore surface.
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3.1. Physical Methods
3.1.1. Calcination and Roasting

Calcination and roasting are thermochemical processes that involve heating materials
to facilitate the removal of hydrocarbons and enhance the friability of the residue. Cal-
cination typically occurs at high temperatures, ranging from several hundred to over a
thousand degrees Celsius, in the absence of air or oxygen. The primary aim of calcination
is to decompose carbonaceous materials, oxidize certain components, and render the solid
matrix more porous and easier to process further [51]. For instance, calcination has been
effectively employed for the removal of bitumen from ilmenite at approximately 700 ◦C,
resulting in the elimination of bitumen and other carbonaceous materials, as well as sec-
ondary minerals like calcite, siderite, and pyrite. However, this process converts Fe(II)
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in ilmenite to Fe(III), which diminishes its magnetic susceptibility and complicates the
subsequent separation of altered ilmenite from ferro-silicates [52].

In contrast, roasting generally involves heating the ore in the presence of air or oxy-
gen, but it can also be conducted in various atmospheres, including inert or reducing
environments. This flexibility allows for the promotion of oxidation and chemical transfor-
mations to help remove residual hydrocarbons, such as bitumen, from the material [53–56].
Roasting has been a predominant method in metallurgical investigations, with studies
demonstrating effective bitumen removal at temperatures ranging from 340 to 550 ◦C [56]
and 600 to 700 ◦C [52]. For example, the patented methodology developed by Ityokumbul
et al. incorporates flotation techniques prior to roasting, enhancing the overall efficiency of
bitumen extraction. Despite its effectiveness, roasting has raised concerns about the con-
tamination of rutile and zircon concentrates with varying levels of iron. This contamination
may result from alterations in the magnetic properties of iron-bearing minerals during the
roasting process, potentially leading to misplacement during subsequent processing [57].

For oil sand tailings, roasting may be more suitable due to its ability to operate in
varying atmospheric conditions, allowing for effective bitumen removal while preserv-
ing the integrity of the minerals. This flexibility can enhance recovery efficiency and the
adaptability to different operational setups. However, it is essential to manage the po-
tential risk of contamination during the roasting process to ensure the purity of the final
mineral products.

3.1.2. Flotation

Flotation is a separation technology based on surface wettability. It employs air bub-
bles as carriers to capture specific hydrophobic entities in aqueous suspensions, lifting
them to the surface of the slurry as a froth product [58]. In 1987, Ityokumbul et al. patented
a bulk flotation process aimed at collectively floating heavy minerals and residual bitumen
into a bulk concentrate from the froth treatment tailings. However, flotation has been
reported to encounter limitations due to the presence of the polar components and surfac-
tants introduced to the oil sands during the bitumen recovery process. The presence of
polar components, primarily concentrated in the asphaltene fraction of bitumen, influences
the surface hydrophobicity of bitumen negatively. The polar components and surfactants
attach themselves to solid particles within the slurry, causing an increase in hydrophobic-
ity and thereby competing with bitumen for flotation [59]. To overcome the challenges
posed by polar components and surfactants, using specialized collectors that enhance the
hydrophobicity of bitumen can improve flotation efficiency. Additionally, implementing
pre-treatment steps to reduce polar compound concentration may further optimize the
flotation process.

3.1.3. Centrifugation

Centrifugation is based on the principle of sedimentation, where particles in a hetero-
geneous mixture are separated under the influence of a centrifugal force. The application of
high-speed rotation to generate a strong gravitational force causes denser particles to move
outward and settle more rapidly [60]. Centrifugation is usually the first step for the removal
of bulk bitumen surrounding the mineral particles. Roth et al. utilized centrifugation at
3000 rpm for 15 min, with a reported relative centrifugal force of 1590 for the separation
of minerals from the liquid sample. The liquid supernatants were decanted and filtered
using a 0.45-micron filter for the measurement of metals [12]. In another study, Liu et al.
utilized centrifugal forces to separate bitumen from the tailing solids, successfully removing
70% of the contained bitumen [55]. However, this processing method has demonstrated
inadequacy in eliminating bitumen to levels below the critical concentration necessary for
efficient mineral production. It has been reported that even after the heavy minerals are
separated from the bitumen concentrate through centrifugation, they are still coated with
bitumen [55]. Optimizing centrifugation parameters, such as rotational speed and duration,
along with the addition of chemical surfactants could enhance the separation efficiency
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and reduce the residual bitumen coating on the minerals, ultimately improving mineral
recovery rates.

3.1.4. Ultrasonication

Ultrasonication involves the use of high-frequency sound waves to produce mechani-
cal vibrations in a liquid medium. The phenomenon is based on the creation and collapse
of microscopic bubbles, a process known as cavitation [61]. The effectiveness of ultrason-
ication in removing contaminants from solid particles relies on the characteristic size of
cavitational microjets, generated during the collapse of bubbles [62]. For effective removal,
these microjets must be smaller than the size of the particles being cleaned. When bubbles
collapse at a frequency of 20 kHz, as commonly used in ultrasonication, the resulting
microjets have an average characteristic size in the range of tens of microns. Therefore, for
effective removal, the solid particles should ideally have a critical larger than the size of
these microjets. During the cleaning of mineral particles from CuO via ultrasonication, it
was determined that the critical size, below which ultrasonication had negligible effects,
was estimated to be 45 µm [62]. Given that mineral particles in oil sand tailings can be
much smaller than this critical size, the effectiveness of ultrasonication for their removal
from minerals may be limited. Another drawback of this method is the cost required for
the setup and the substantial energy demand, which is only applicable on a laboratory
scale [63].

Additionally, the operational costs associated with ultrasonication are significant as it
requires specialized equipment and consumes substantial energy, making it less feasible for
large-scale applications. Other drawbacks include potential thermal effects on the particles
being treated, which may alter their properties [64,65]. These factors may hinder the prac-
ticality of ultrasonication as a standalone method for effective bitumen and contaminant
removal in oil sand tailings. A possible solution could involve integrating ultrasonication
with other separation techniques, such as flotation or centrifugation, to enhance the overall
efficiency while mitigating operational costs and maximizing contaminant removal.

3.2. Chemical Methods

Unlike other waste treatment methods, where chemical oxidation is utilized for the
removal of hydrocarbons from contaminated samples, chemical oxidation is not a primary
method for the removal of bitumen from minerals. This is because oxidized bitumen
(brown asphalt) is harder and more viscous compared to unoxidized bitumen [66]. Instead,
chemical methods utilize antisolvents, additives, and polymers to separate the mineral
particles from bitumen.

Antisolvents, such as hexane, heptane, or their combinations, are employed for segre-
gating asphaltenes from bitumen solutions. The resulting precipitated asphaltenes create
network-structured clusters, effectively removing fine mineral solids [67]. Another effective
method involves utilizing water droplets in conjunction with chemical additives to separate
fine minerals from bitumen. Upon the introduction of water along with additives to the
solvent, the fines typically adhere to the water surface and are subsequently collected.
Numerous studies have investigated mineral removal using additives including cationic
surfactants and water-soluble organics, like formic acid, resorcinol, and chloral hydrate,
for the removal of mineral solids [67]. This approach can be combined with antisolvents,
resulting in a significant improvement in the efficiency of fine solids separation.

Polymers, such as polyethylene glycol (PEG) and polyacrylamide (PAM), have shown
promise in enhancing fine solid removal. They work by bridging the flocculation of fine
mineral particles, enlarging their size, and aiding in their separation [68,69]. The literature
findings indicate that PAM flocculants exhibit high efficiency in enhancing the settling rate
of medium and large solids in tailings [69]. However, they prove ineffective in removing
very small particles, particularly those smaller than 44 µm, which are especially evident in
high-fine ore tailings [70].
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Given these considerations, adopting a combined approach that integrates antisolvents
with water-based additives presents a compelling solution for effectively managing oil
sand tailings. This synergistic method not only enhances the separation of fine minerals
but also reduces the environmental impacts commonly associated with traditional chemical
solvents. Ultimately, selecting the most effective cleaning or purification method requires
a thorough assessment of the specific context, including factors such as the particle size
distribution of the tailings, economic implications, and compliance with environmental
regulations. By conducting this comprehensive evaluation, practitioners can identify the
approach that best aligns with their operational goals and sustainability standards, leading
to more effective hydrocarbon removal from oil sand tailings.

3.3. Biological Methods

Microbial degradation for bitumen removal has been emerging as a promising method
for overcoming the challenges associated with conventional physical and chemical methods.
Genera such as Pseudomonas, Rhodoferax, Acidovorax, Zavarzinia, and Methyloverstalis are
commonly associated with hydrocarbon degradation in oil sand tailings [71,72] (Table 2).

Table 2. List of bitumen-degrading bacteria.

Microbial
Species Matrix Target Growth Conditions Asphaltenes/NA

Degradation Conditions
Degradation
Efficiency

Degradation
Time Reference

Bacillus sp. Oil sand ore Asphaltenes

Medium: mineral
medium + glucose;
Working volume: 300 mL;
Temperature: 30 ◦C;
Agitation: 150 rpm; Time:
48 h

Medium: 300 g oil sand
ore + 200 mL mineral
medium + 1 g glucose;
Seed volume: 0.5 mL;
Temperature: 30 ◦C;
Agitation: 150 rpm

94% 21 days [73]

Pseudomonas
putida

Oil sand
pond water
(OSPW)

Naphthenic
acids

Medium: LB medium;
Temperature: 22 ◦C;
Agitation: 200 rpm;
Overnight incubation

Medium: OSPW;
Temperature: 22 ◦C;
Agitation: 200 rpm

11% 30 days [74]

Pseudomonas
protogens

Oil sand
pond water

Naphthenic
acids

Medium: LB medium;
Temperature: 22 ◦C;
Agitation: 200 rpm;
Overnight incubation

Medium: OSPW;
Temperature: 22 ◦C;
Agitation: 200 rpm

12% 30 days [74]

Pseudomonas
putida +
Pseudomonas
protogens
(Co-culture)

Oil sand
pond water

Naphthenic
acids

Medium: LB medium;
Temperature: 22 ◦C;
Agitation: 200 rpm;
Overnight incubation

Medium: OSPW;
Temperature: 22 ◦C;
Agitation: 200 rpm

31% 30 days [74]

Bacillus sp. +
Serratia
liquesfaciens
(Co-culture)

Petroleum
hydrocarbon
polluted soil

Asphaltenes

Medium: Mineral salt
media + 600 mg/L
asphaltenic
fraction + 50 mg/L yeast
extract; Working volume:
25 mL; Temperature:
28 ◦C; Agitation: 180 rpm;
pH: 6.8, grown until
culture reached log phase

Medium: Mineral salt
media + 600 mg/L
asphaltenic
fraction + 50 mg/L yeast
extract; Seed volume:
0.1 mL; Working volume:
25 mL; Temperature:
28 ◦C; Agitation: 180 rpm;
pH: 6.8

50% 7 days [75]

Pseudomonas
aeruginosa
strains (Gx
and Fx)

Pure asphalt Asphaltenes

Medium: beef
extract–peptone broth;
Working volume: 100 mL;
Temperature: 37 ◦C;
Agitation: 150 rpm;
3 days

Medium: beef
extract–peptone broth +
asphalt covered slide;
Seed volume: 10 mL;
Temperature: 37 ◦C;
Agitation: Slight agitation
4 times a day

~10% of pure
asphalt

Pure
asphalt—
35 days

[76]

Pseudomonas
aeruginosa
strains (Gx
and Fx)

Crude oil Asphaltenes

Medium: beef
extract–peptone broth;
Working volume: 100 mL;
Temperature: 37 ◦C;
Agitation: 150 rpm;
3 days

Medium: 200 mL beef
extract–peptone broth +
18 g crude oil; Seed
volume: 100 mL;
Temperature: 37 ◦C;
Agitation: Slight agitation
every 3 h during day and
every 6 h during night

59%–72% of
crude oil
asphaltenes

Crude
oil—5 days [76]
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Yu et al. evaluated the inherent capability of indigenous microorganisms within
tailings to degrade bitumen aerobically, and species like Rhodoferax, Acidovorax, and Pseu-
domonas sp. demonstrated potential for the same [71].

In another study, Ding et al. conducted microbial treatment on a low-quality ore
by incubating it with Bacillus subtilis for 51 days. Subsequent flotation tests revealed a
notable enhancement in bitumen recovery, reaching 94% after the microbial treatment on
day 21 [73]. The impact of the co-culture on bitumen degradation has also been inves-
tigated. Chegounian et al. isolated Pseudomonas protegens and Pseudomonas putida from
tailing samples. P. protogens, and P. putida could individually decrease the concentration of
naphthenic acids (NAs) in the culture media by 11% and 12%, respectively. A co-culture in
a 1:1 ratio of these microorganisms exhibited a more significant reduction, achieving a 31%
decrease in NAs concentration [74].

Recently, the addition of rhamnolipid biosurfactants has also been reported to acceler-
ate sedimentation in fine tailings, showcasing the potential of biosurfactants in the removal
of hydrocarbons from mineral solids [10,77].

While microbial degradation presents a promising alternative, it is essential to conduct
a comparative analysis with conventional methods such as flotation, centrifugation, and
chemical treatments. Factors such as the effectiveness of bitumen removal, treatment time,
cost implications, and environmental impact should be critically assessed. For example,
microbial methods may require longer processing times but could offer environmental
benefits and lower operational costs in certain contexts. In contrast, chemical methods
may achieve rapid results but could pose significant environmental risks. In conclusion,
the selection of the most suitable method for bitumen removal from oil sand tailings
should consider the identification of the most effective approach for hydrocarbon removal,
ensuring a balance between efficiency and sustainability.

4. Bioleaching for Metal Recovery After Bitumen Removal

Once bitumen coating and other hydrocarbons are removed from the minerals in oil
sand tailings, the metals within these minerals become accessible for extraction. Traditional
methods of metal recovery include pyrometallurgical and hydrometallurgical processes.
Pyrometallurgy involves methods such as smelting and vacuum carbon-thermal reduction
to recover metals [78,79]. Although effective, these methods are energy-intensive, require
expensive equipment, and have significant environmental impacts, limiting their use, par-
ticularly in smaller operations. On the other hand, hydrometallurgy uses leaching agents to
dissolve metals, followed by processes like precipitation, ion exchange, and electrochemical
reduction. It offers advantages such as lower equipment costs and operational ease but
also poses environmental challenges, such as the generation of acidic or basic waste and
the emission of toxic gasses [80–83].

Bioleaching, a subset of biomining, represents a more environmentally friendly ap-
proach, developed to address the negative impacts of pyro- and hydrometallurgical meth-
ods. It employs microorganisms for metal recovery, even from very low-grade urban min-
erals [84]. Interestingly, bioleaching has become a prominent method for metal extraction
from diverse sources, such as electronic waste, fly ash, sewage sludge, and contaminated
soil, despite their varying complexities [19,20,85–88] (Table 3). However, bioleaching has
not yet been utilized for metal recovery from oil sand tailings, highlighting a potential area
for future research and application.

In this section, we will discuss the mechanism of bioleaching, followed by the microor-
ganisms present in oil sand tailings with bioleaching potential, followed by the factors that
might affect bioleaching in oil sand tailing environments.
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Table 3. Application of bioleaching in industrial waste treatment.

Industrial Waste Metal Microorganism Maximum Bioleaching Efficiency (%) References

Fly ash Zn, Al, Fe Aspergillus niger Zn—98%, Al—97%, Fe—56% [89]

Sediment Cr, Cu, Zn Acidithiobacillus thiooxidans Cr—25.3%, Cu—71.8%, Zn—58.2% [90]

Electronic scrap Zn, Cu, Al, Ni
Thermoplasma acidophilum
and Sulfobacilllus
thermosulfidooxidans

Zn—80%, Cu—86%, Al—64%, Ni—74% [91]

Spent refinery catalyst Ni, V Acidithiobacillus sp. Ni—83%, V—90% [92]

Spent fluid cracking
catalyst Al, Ni Aspergillus niger Al—54.5%, Ni—58.2% [93]

Waste electric device Au Chromobacterium violaceum Au—14.9% [93]

Sewage sludge Cu, Ni, Zn, Cr Acidithiobacillus thiooxidans Cu—64%, Ni—58%, Zn—76%, Cr—52% [94]

Tannery sludge Cr Acidithiobacillus thiooxidans Cr—99% [95]

Spent petroleum catalyst Ni, Mo, V Acidithiobacillus sp. Ni—88.3%, Mo—46.3%, V—94.8% [93]

4.1. Mechanism of Bioleaching

The primary mechanism of bioleaching is attributed to the metabolic activities of cer-
tain bacteria, fungi, and microalgae, which possess the ability to catalyze specific chemical
reactions that result in the solubilization and mobilization of target metals from their min-
eral host. The predominant bacteria involved in bioleaching belong to Acidithiobacillus and
Leptospirillum species [15]. These microorganisms exhibit the capability to oxidize ferrous
iron (Fe2+), sulfur compounds, and/or organic compounds resulting in the production of
ferric irons, sulfuric acid, and organic acids. These oxidants (Fe3+, H2SO4, and organic
acids) perform a crucial role in the solubilization of metals. Specifically, A. thiooxidans
exclusively oxidizes elemental sulfur, A. ferrooxidans oxidizes ferrous ions and sulfur com-
pounds, Leptospirillum ferriphilum and Leptospirillum ferrooxidans oxidize ferrous ions, and
Gluconobacter oxydans utilize carbon substrates their energy source [96].

Bioleaching is categorized into contact (an electrostatic attachment) and noncontact
(planktonic) mechanisms. The contact mechanism involves the adhering of bacteria to
the ore surface using extracellular polymeric substances (EPSs), while the noncontact
mechanism involves the free-living bacterial stage known as planktonic cells (Figure 3).
Overall, bioleaching offers an environmentally friendly alternative to traditional methods
by utilizing microbial processes to recover valuable metals efficiently.
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4.2. Microbes with Bioleaching Potential in Oil Sand Tailings

Due to the presence of a low pH and nutrient-poor environment in primary and
secondary ores, bioleaching is typically carried out by acidophilic chemolithoautotrophs
(Figure 4). In minerals or matrices where sulfur is not present, heterotrophs play an indirect
role in mineral dissolution by metabolizing organic compounds and producing organic
acids [39]. In the surface layers of oil sand tailings, aerobic microbial sulfide oxidation may
take place; however, the tailings are inherently characterized by highly anoxic environments
in the deeper layers. This suggests the possible occurrence of anaerobic sulfur oxidation in
these conditions [97]. In this section, we will discuss the action of chemolithoautotrophs
and heterotrophs in oil sand tailings.
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4.2.1. Chemolithoautotrophs in Oil Sand Tailings

Oil sand tailings possess a significant capacity for anaerobic microbial oxidation,
exhibiting rates comparable to or even surpassing those observed in other aquatic environ-
ments. Sulfur-, iron-, and thiosulfate-oxidizing microbes are the major chemolithotrophs
found in oil sand tailings [98]. Dean et al. reported that sulfur-oxidizing microorganisms
identified in oil sand tailings are most closely linked to Achromobacter spp., Halothiobacillus
neapolitanus, and Curtobacterium spp. [99].

Sulfur-oxidizing bacteria enhance the oxidation of sulfide ores present in the oil sand
tailings. This oxidation not only promotes the breakdown of sulfides but also releases addi-
tional compounds, influencing the overall redox conditions. For example, pyrite (FeS2) oxi-
dation within oil sand tailings has the potential to generate acid and release metals [32,100].
The acidification can be described with the help of the following Equations (1) and (2):

2FeS2 + 7O2 + 2H2O → 2Fe2+ + 4SO4
2− + 4H+ (1)

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O (2)
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Combining Equations (1) and (2) gives Equation (3):

4FeS2 + 15O2 + 2H2O → 4H+ + 2Fe2+ + 8SO4
2− + 4Fe3+ (3)

The released Fe3+ in Equations (2) and (3) may hydrolyze the ore to generate ferric
hydroxide, leading to the precipitation of iron, as shown in Equation (4):

Fe3+ + 3H2O → Fe(OH)3 ↓ + 3H+ (4)

or may lead to the oxidation of additional pyrite, as shown in Equation (5):

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 2SO4
2− + 16H+ (5)

Combining Equations (3) and (4) gives Equation (6):

4FeS2 + 15O2 + 14H2O → Fe(OH)3 ↓ + 8SO4
2− + 16H+ (6)

Since the oil sand tailings not only contain pyrite but also other minerals, such as
CaCO3, FeCO3, and MgCO3, the acid may react with them, as shown in Equations (7)–(9):

CaCO3 + 2H+ → Ca2+ + CO2 + H2O (7)

FeCO3 + 2H+ → Fe2+ + CO2 + H2O (8)

MgCO3 + 2H+ → Mg2+ + CO2 + H2O (9)

4.2.2. Heterotrophs in Oil Sand Tailings

Oil sand tailings host a variety of heterotrophic microbes with diverse metabolic capa-
bilities, playing crucial roles in the degradation and transformation of organic compounds
by producing organic acids.

Mehrabad et al. reported the presence of aerobic methanotroph Gammaproteobacteria
(OTU 12 103) in the Alberta oil sand tailings pond. Other methanotrophs like Methylomonas,
Crenothrix/Methylosoma, and Methylobacter were also detected, although at lower relative
abundances. These microbes are involved in the oxidation of methane and naphthenic
acids, showcasing their potential to assist chemolithotrophs in biomining [101].

Apart from aerobic microbes, tailing ponds host several anaerobic microbial com-
munities capable of the methanogenic degradation of solvent hydrocarbons. Anaerobic
methanogenic hydrocarbon degradation involves theβ-oxidation of naphtha to acetate and H2,
followed by methane production through acetoclastic or hydrogenotrophic methanogenesis.

In a study by An et al., various taxa, including Actinobacteria and Euryarchaeota,
were reported to be engaged in methanogenesis as well as anaerobic hydrocarbon degrada-
tion [102]. Furthermore, 16S rRNA gene analysis by Siddique et al. found an increased pres-
ence of acetoclastic and hydrogenotrophic methanogens (Methanosaeta and Methanoregula,
respectively) within MFT [103].

Heterotrophic sulfate-reducing bacteria (SRB) are also found in oil sand tailings. These
bacteria derive energy through the oxidation of organic compounds while concurrently
reducing sulfate to hydrogen sulfide. Sulfate is added to the ponds as gypsum, promoting
microbial sulfate reduction, which is crucial for the anaerobic transformation of organic
matter and plays a significant role in tailings detoxification and reclamation [104]. In the
study by Warren et al., an investigation across all depths of oil sand tailings revealed the
identification of ten genera known for sulfate reduction. These included Clostridium spp.,
Desulfocapsa spp., and Desulfuromonas spp. [105].

Iron-reducing bacteria, such as Rhodoferax, and denitrifying bacteria, such as Acidovo-
rax, are associated with anoxic hydrocarbon-contaminated environments, suggesting their
involvement in iron reduction and nitrogen cycling in the tailings [106].
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4.3. Parameters Affecting Bioleaching

The bioleaching of oil sand tailings is influenced by various parameters that can
significantly affect the process’s efficiency. Although specific studies on oil sand tailings are
limited, insights from research on other mineral ores offer valuable guidance. Two common
bioleaching methods, heap leaching and vat/agitation leaching, could be considered for oil
sand tailings.

Heap leaching, often used for coarser materials, offers certain advantages, especially
in large-scale, low-cost operations. In Alberta’s environment, with vast open spaces, heap
leaching could be appealing due to the availability of land and the ability to handle large
volumes of material. However, the fine-grained nature of oil sand tailings presents some
challenges, such as reduced oxygen diffusion and microbial access [1,107]. These factors,
combined with Alberta’s colder climate, could slow microbial activity and limit the overall
bioleaching efficiency in heap systems.

In contrast, vat/agitation leaching may offer more precise control over the bioleaching
process, making it better suited for oil sand tailings. This method involves mixing tailings
in vats or tanks with continuous agitation, ensuring more effective contact between mi-
croorganisms and minerals. The controlled environment allows for the regulation of pH,
temperature, and oxygen levels, which is particularly important given the nutrient-poor
and low-pH conditions of oil sand tailings [108]. Furthermore, vat/agitation leaching can
mitigate the impacts of Alberta’s variable weather, providing a more consistent and efficient
bioleaching process.

This section outlines key parameters for optimizing bioleaching, drawing from related
studies to inform considerations for oil sand tailings

4.3.1. pH

pH plays a pivotal role in bioleaching, significantly impacting its efficiency and out-
comes. Acidophilic microorganisms, such as Acidithiobacillus spp., are particularly sensitive
to pH levels, thriving in acidic environments [109]. The growth of these bacteria is con-
tingent on strain-specific optimal and minimum pH values. For instance, A. ferrooxidans
exhibits an optimum pH of 2.5 and a minimum pH of 1.3, while L. ferrooxidans typically
thrive at pH levels around 1.7 and maintain viability at a minimum of 1.0 [110].

In the context of oil sand tailings, where major ores may include metal sulfides like
pyrite, maintaining a lower pH range of around 1.5–2.5 might be effective for bioleaching.
This aligns with the optimal pH range for iron- and sulfur-oxidizing microorganisms found
in oil sand tailings, ensuring enhanced microbial activity and efficient mineral dissolution
in the presence of these specific ores. On the other hand, the presence of other clay minerals,
such as kaolinite, might require a different pH range for effective bioleaching.

4.3.2. Temperature

The metabolic functions of bioleaching microorganisms, such as bacteria and archaea,
are directly impacted by temperature, with most species exhibiting optimal growth within
specific temperature ranges. In the study conducted by Lin et al., the optimum temperature
for the growth of bioleaching bacteria was determined to be between 20 ◦C and 30 ◦C.
Maximum bioleaching activity was observed at 28.9 ◦C, resulting in a sulfate yield of
461.66 (mg/L)/d [111].

In cold regions like Canada, maintaining optimal temperatures for bioleaching can
be challenging, especially during winter. While heap leaching, typically used in warmer
climates, may face limitations in colder environments, it can be enhanced by incorporating
psychrotolerant microorganisms. These microbes can tolerate low temperatures and could
facilitate bioleaching processes, making them viable even when maintaining warmth is
challenging [112]. Vat/agitation leaching, on the other hand, offers a more controlled
environment where temperature can be regulated with heating or insulation systems [108].
This method ensures consistent bioleaching efficiency in such climates. Additionally,
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combining vat/agitation leaching with psychrotolerant microbes could further optimize
the process for Canada’s cold conditions.

In conclusion, targeted research tailored to the mineral composition of oil sand tailings
is imperative to precisely determine the optimal temperature conditions for the bioleaching
of these materials.

4.3.3. Dissolved Oxygen

Bioleaching typically requires oxygen to support the metabolic activities of acidophilic
microorganisms. Oxygen facilitates the oxidation of metal sulfides, leading to the release
of metal ions and sulfate. This ion conversion is a fundamental step in the bioleaching
mechanism, allowing for the recovery of valuable metals from ores. Several studies report
the significance of dissolved oxygen in bioleaching [113,114].

Traditionally, atmospheric air is introduced into the system at low to moderate tem-
peratures to supply the dissolved oxygen needed for microbial activities. However, high
concentrations of suspended solids and sulfides demand a greater supply of dissolved oxy-
gen to support optimal bacterial growth. In such cases, using oxygen-enriched air proves
beneficial. This approach becomes particularly advantageous when the solid load reaches
20% (w/w) as it maintains a consistent dissolved oxygen level in the culture, ranging from
4 to 13 ppm [109].

For oil sand tailings, it is important to understand the unique oxygen conditions
present in oil sand tailing ponds (OSTPs). The top layer of OSTPs tends to be oxygenated
(oxic), whereas deeper layers gradually become oxygen-deprived (anoxic) as the depth
increases [10]. Additionally, the variation in particle size throughout the depth of the oil
sand tailings must also be taken into account. Therefore, it is essential to optimize oxygen
levels according to the tailing depth for effective bioleaching in OSTPs.

4.3.4. Nutrient Availability

Bioleaching depends on the availability of essential nutrients such as nitrogen, phos-
phorus, and trace elements. In a study conducted by Zheng et al., it was noted that
the addition of over 1.6 g/L of KH2PO4 into the tannery sludge successfully promoted
Acidithiobacillus sp. growth. This supplementation resulted in an increased removal rate
of the chromium (Cr) present in the sludge. The results imply that the addition of inor-
ganic phosphate, particularly at the optimal dosage of 1.6 g/L KH2PO4, can expedite the
bioleaching process of tannery sludge, especially when dealing with sludge containing
5.1% total solids [115].

In a distinct investigation conducted by Shen et al., the study explored the influence
of elemental sulfur concentrations (5 to 40 g/L) while maintaining a constant sludge
concentration (40 g/L). The results revealed that higher sulfur concentrations caused a
more rapid decrease in sludge pH. It took approximately 15 days to reach the lowest pH,
regardless of sulfur concentration. The leaching efficiencies of Cr(III), Fe, and Al increased
with higher initial sulfur concentrations. The study identified 20 g/L as the preferred sulfur
concentration for chromium leaching, considering economic factors [116].

Considering the influence of nutrients on the bioleaching of oil sand tailings based on
the minerals found, it can be inferred that specific nutrients, such as phosphorus and sulfur,
may play crucial roles in stimulating microbial activity and enhancing metal solubilization.
Further research exploring the optimal nutrient supplementation tailored to the mineral
composition of oil sand tailings could offer valuable insights into optimizing bioleaching
processes in this context.

4.3.5. Co-Culturing

Co-cultures often exhibit synergistic effects that lead to increased bioleaching effi-
ciency. The collaborative metabolic activities of different microorganisms can enhance
the solubilization of metals from ores. In a study by Corbett et al., it was reported that
non-sterile conditions, where a phosphate-solubilizing microorganism (PSM) was intro-
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duced, a greater mobilization of REEs into the solution was observed compared to sterile
conditions. Combining native microbial consortia with an introduced PSM resulted in a
synergistic effect, significantly enhancing REE leaching compared to using a single PSM or
the indigenous population alone. Experiments with Penicillium sp. CF1 on sterile monazite
released 12.32 mg L−1 of total REEs after 8 days, while on non-sterile ores, double the
concentration (23.7 mg L−1) was achieved [117]. In a different study by Fathollahzadeh
et al., it was found that the bioleaching capacity of Entrobacter aerogenes and Acidithiobacillus
ferrooxidans to recover REEs from monazite was increased in the co-culture (40 mg/L)
compared to their pure cultures (3.97 mg/L and 23.6 mg/L, respectively) [118].

These findings highlight the potential of co-cultures to significantly enhance the
bioleaching process, making it a promising approach for the efficient recovery of valuable
elements from challenging substrates such as oil sand tailings.

5. Conclusions

Bitumen extraction from the Canadian oil sands has long been a crucial aspect of the
global energy industry. However, this extraction process gives rise to oil sand tailings
which cause serious environmental concerns, such as GHG emissions, habitat destruction,
and water pollution. Despite the challenges, the concept of valorization offers a promising
avenue to mitigate environmental impacts and generate economic value by harnessing the
valuable minerals present in these tailings.

One notable challenge in this process is the presence of a bitumen coating over the
minerals, requiring removal for successful metal extraction. Various methods, including
physical, chemical, and biological approaches, can be employed for this purpose. The
choice of the most appropriate method depends on various factors, including operational
efficiency, cost-effectiveness, and environmental considerations. For example, physical
methods tend to be quicker and easier to implement, while chemical methods may achieve
thorough bitumen removal but can incur higher costs and pose environmental risks. In
contrast, biological approaches offer a more sustainable solution, typically resulting in
reduced environmental impacts despite potentially longer processing durations.

Once the bitumen coating has been removed and the mineral is exposed, the metals
can be extracted. While traditional methods like pyrometallurgy and hydrometallurgy
raise environmental concerns due to high energy consumption and toxic compound release,
biomining, particularly bioleaching, emerges as an eco-friendly alternative. Bioleaching,
utilizing microbes to release metals from the ore, has been extensively explored in the
context of metal extraction from electronic waste and industrial byproducts. However,
its application to oil sand tailings remains relatively unexplored. Given the increasing
requirements of metals and the untapped potential of oil sand tailings as a resource,
bioleaching presents a viable solution.

The utilization of bioleaching for metal extraction from oil sand tailings not only
addresses environmental concerns associated with traditional methods, but also presents
an economically viable and sustainable pathway. As technological advancements con-
tinue, bioleaching holds the promise of transforming oil sand tailings from environmental
challenges into valuable resources for a greener and more economically sound future.
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