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Abstract: A primary concern of commercial mined oil sands operations is the extent to which one
can minimize the content of water and solids contaminants in the solvent-diluted bitumen products
resulting from the bitumen production processes. During bitumen production, particles of about
2 µm or less may be responsible for the stabilization of water-in-bitumen emulsions that form
during aqueous extraction of bitumen and purification of bitumen froth subsequently during the
froth treatment processes, thus leading to the presence of those contaminants in solvent-diluted
bitumen products. In this study, we separate and analyze sub-2 µm clay solids isolated from typical
bitumen froth fed to a froth treatment plant at a commercial mined oil sands operation. Analytical
transmission electron microscopy (TEM) with spatially-resolved energy-dispersive X-ray spectroscopy
(EDX) and electron energy-loss spectroscopy (EELS) demonstrate key differences in morphology
and composition between sub-2 µm clay aggregates with two distinct wettability characteristics:
hydrophilic vs. biwettable particle surfaces. In particular, clay platelets with <200 nm lateral
dimensions and thicknesses of a few atomic layers, which are intermixed within coarser sub-2 µm
clay aggregates, are found to confer clear differences in morphological characteristics and wettability
behaviors to the sub-2 µm clay aggregates. The <200 nm clay platelets found within sub-2 µm
biwettable clays tend to arrange themselves with random orientations, whereas <200 nm clay platelets
within sub-2 µm hydrophilic clays typically form well-ordered face-to-face stacks. Moreover, in
biwettable sub-2 µm clay aggregates, <200 nm clay platelets often cover the surfaces of ~1–2 µm sized
mineral particles, whereas similarly sized mineral particles in hydrophilic sub-2 µm clay aggregates,
in contrast, generally have exposed surfaces without clay platelet coverage. These biwettable vs.
hydrophilic behaviors are attributed to a difference in the surface characteristics of the <200 nm
clay platelets caused by toluene-unextractable organic carbon coatings. Nanometer-scale carbon
mapping reveals an inhomogeneous toluene-unextractable organic carbon coating on the surfaces
of <200 nm platelets in biwettable clays. In contrast, hydrophilic clays have a significantly lower
amount of toluene-unextractable organic carbon, which tends to be concentrated at steps or near
metal oxide nanoparticles on clay particle surfaces. Mixing surface-active organic species, such as
asphaltene, resin, or carboxylic organic acids of various types with inorganic solids can lead to a
dramatically enhanced emulsion stability. Consequently, understanding the origin and characteristics
of sub-2 µm clay solids in bitumen froth is important to (i) clarify their potential role in the formation
of stable water-in-oil emulsions during bitumen production and (ii) improve froth treatment process
performance to further reduce contaminant solids in solvent-diluted bitumen products. We discuss
the implications of our results from these two perspectives.
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1. Introduction

Currently, commercial oil sands surface mining operations use an aqueous extraction process,
usually with chemical addition such as caustic, to liberate and extract bitumen from mostly
unconsolidated bituminous ore, consisting of bitumen, water, sand, clay, and other mineral solids [1,2].
Primary separation of bitumen is accomplished first by gravity aqueous flotation of bitumen from
coarser settling solids, followed by secondary flotation of middlings carried out in separate vessels,
where air is injected to form bitumen–air aggregates that rise to the top of those vessels [3–5].
The resulting bitumen froth produced at commercial operations typically contains ~60 wt % bitumen,
~30 wt % water, and ~10 wt % solids [4–6]. Bitumen froth treatment processes [6] are then applied by
mixing the froth with naphtha or paraffinic solvents to remove the majority of solids and water in order
to produce a solvent-diluted bitumen product that is sent for upgrading or pipelining to refineries.
The quality of the bitumen froth impacts the performance of the overall operations, because water and
solids are contaminants affecting the downstream processes from the pipeline transport through the
upgrading to synthetic crude oil [7,8] to the final processing into marketable products at refineries.

A major concern in surface mined bitumen production processes is the formation of
water-in-bitumen emulsions as sub-µm/µm water droplets stabilized by surface-active species found
naturally in the bitumen. These include asphaltenes, resins, carboxylic organic acids of various
types (i.e., naphthenic acids), and fine inorganic particles, along with combinations of these types
of materials [9]. Recent studies have emphasized the role of asphaltene [10–14] in the bitumen
extraction from oil sands, and in particular, a certain component of the asphaltene fraction—the
so-called “bad asphaltene”—which is believed to be responsible in part for emulsion stabilization
in bitumen extraction [15]. We recall that asphaltene is defined as a solubility class corresponding
to the toluene-soluble, but heptane- or pentane-insoluble, fraction of petroleum. As a result, many
distinct types of molecular structures are comprised in the asphaltene fraction, some of which may be
surface-active and as such stabilize water-in-oil emulsions.

Fine mineral solids were also reported to be a likely component responsible for the stabilization
of water-in-bitumen emulsion [16–22]. Furthermore, mixing fine solids with asphaltene or other
surface-active species can enhance emulsion stability [9]. Sullivan and Kilpatrick [22] demonstrated that
fine inorganic particles stabilized water-in-oil emulsions when suitably modified through asphaltene
and resin adsorption. For oil sand solids, Sztukowski and Yarranton [21] found that clay platelets
of 100–500 nm were very effective at enhancing emulsion stability, and emphasized the role of the
adsorption of crude oil components, such as asphaltene or resin. Intermixing surface-active species
(often carbon based) with minerals basically affects the wettability of the mineral particles. In particular,
an inhomogeneous organic coverage of clay platelet surfaces may result in a biwettable character for
the platelets, favoring their accumulation at bitumen–water interfaces [23]. Such a patchy coating has
been inferred from various surface science methods [24], and directly mapped using transmission
electron microscopy [25] and atomic force microscopy [26] analysis. The organic carbon was assigned
to humic and asphaltene-like substances [24,27].

Residual organic matter (ROM) associated with oil sands solids following extensive Soxhlet
extraction with toluene has been referred to as “toluene-insoluble organic matter (TIOM)” or
as “toluene-insoluble organic carbon (TIOC)” when referring specifically to the residual organic
carbon [28–31]. However, in a recent review by Chen and Liu [16], the term “toluene-unextractable
organic matter” was suggested instead, to reflect that such ROM cannot be removed by common
organic solvent extraction treatment, and some portion of ROM is likely irreversibly adsorbed to the
solid particulate surfaces/interfaces within oil sands.
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In this paper, we separate and analyze sub-2 µm contaminant solids present in a typical bitumen
froth studied previously [32] produced at a commercial plant while the plant was running in steady-state
operations with typical froth treatment feed and operating conditions and not undergoing any process
upset. Sub-2 µm solids are selected, as those are suspected to be partly responsible for emulsion
stabilization. During bitumen production, particles < 2 µm in size may be responsible in stabilizing
water-in-bitumen emulsions forming during aqueous flotation of the bitumen and subsequent cleaning
during the bitumen froth treatment process, thus leading to the presence of those contaminants in
solvent-diluted bitumen products. Solids wettability and particle size are important factors when
considering the ability of sub-2 µm solids to stabilize emulsions, as well as for determining how to
improve froth treatment process performance to further reduce contaminant solids in solvent-diluted
bitumen products. In addition, removing these contaminant solids could have a potential of water
reduction in froth treatment products, if the assumption of solids-stabilized water-in-bitumen emulsion
is valid.

The analysis presented here reveals a contrasting difference in morphology and composition
between sub-2 µm clay solid fractions with two different wettability characteristics: hydrophilic vs.
biwettable surfaces. Kaolinite and illite-smectite are found to be the predominant clay minerals in both
wettability fractions, but the behavior of <200 nm clay platelets is remarkably different. For sub-2 µm
hydrophilic solids, clay platelets tend to stack in an orderly face-to-face configuration, whereas for
sub-2 µm biwettable solids, <200 nm clay platelets adopt random orientations, tend to occur as
delaminated layers with thicknesses of few atomic planes, and often cover the surface of micron-sized
mineral particles. The difference in behavior is attributed to presence or absence of tightly-bound
organic matter coating the clay platelets. Hydrophilic clay platelets are intermixed with a much lower
amount of carbon, found primarily at edges and steps and also associated with the presence of Fe- and
Ti-bearing nanoparticles, while their surfaces remain mostly exposed. In contrast, biwettable clays
are found to contain significantly more toluene-unextractable organic carbon, and the analysis clearly
demonstrates a patchy carbon coating on the surfaces of <200 nm clay platelets.

2. Experimental Section

2.1. Samples Studied

The sub-2 µm clay solids characterized in this work were obtained from a typical bitumen froth
sample produced at a commercial mined oil sands plant during steady state operations. Four distinct
sub-2 µm clay solid fractions were isolated from the bitumen froth sample using two quantitative
separation techniques described in detail elsewhere [32]. The first is the clay–ultrafines separation
technique which allows the fractionation of solids in a given sample into four distinct particle-size
fractions: coarser solids, >2 µm; total clays, <2 µm; coarse clays, 0.2-2 µm; and ultrafines, <0.2 µm.
We note that this technique identifies the clay fraction as solids with particle sizes less than 2 µm,
and is not based on the type of clay minerals found in this fraction [33]. The second technique is
the toluene/water (T/W) interfacial solids wettability separation technique that enables separation
of solids in a given sample into four distinct fractions: hydrophilic solids partitioning into the
aqueous phase (carbon <5% w/w), intermediate solids only weakly held at the T/W interface (carbon
6–10% w/w), biwettable organic-rich solids remaining strongly held at the T/W interface (carbon
15–20% w/w), and high-speed centrifugation solids remaining dispersed in the bitumen-toluene phase
(carbon >20% w/w).

As mentioned above, four distinct sub-2 µm clay solids fractions were isolated from the bitumen
froth sample for advanced analytical characterization of their structure and composition. The two
first solid fractions analyzed are the total clay (<2 µm solids) and ultrafines (<0.2 µm solids) fractions
obtained after clay–ultrafines separation of the bitumen froth sample. We also performed toluene/water
interfacial solids wettability separation of the bitumen froth sample, followed by clay–ultrafines
separation of the hydrophilic and biwettable (organic-rich solids) fractions, in order to further
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separate and characterize these two wettability fractions according to particle size. Detailed analytical
characterization is performed here for the total clays and ultrafines, as well as hydrophilic coarse
clays and biwettable coarse clays solids fractions, representing solids with size range from 0.2 to 2 µm
isolated using the procedures just described.

To isolate the ultrafines fraction, slight modifications were applied here compared to the analytical
procedures given in “Appendix A.1 Clay–ultrafines separation technique” of Mercier et al. [32] Referring
to this section A.1, rather than using deionized water at Steps H and M, sodium pyrophosphate solution
(0.1% w/w Na4P2O7·10H2O in deionized water) was used. This ensures maximal dispersion conditions
to liberate fine mineral solids (such as clays and ultrafines) from the consolidated mineral–organic
mixtures present in oil sand solids [34]. In addition, at Step P, rather than drying ultrafines supernatant
suspensions directly following centrifugation at Step N, the ultrafines suspensions were transferred
to high speed centrifugation (HSC) tubes and then spun at 60,000 RPM for 30 min in a high speed
centrifuge. After pipetting off the supernatant solution resulting at the top of HSC tubes following
the high speed centrifugation, the solid pellets of ultrafines accumulating at the bottom of the HSC
tubes were then transferred to a 100-mL jar and dried separately at 60 ◦C in order to isolate the
ultrafines fraction.

2.2. Analytical Methods

Bulk analyses of the elemental and mineralogical compositions of the four sub-2 µm clay solid
fractions isolated as explained above were obtained as described in Couillard and Mercier [25]
using: (i) Rietveld analysis of the mineral contents by powder X-ray diffraction (XRD), (ii) elemental
analyses of metal concentrations (Si, Al, K, Mg, Fe, Ti, Zr, Mg, Ca, and P) by X-ray fluorescence (XRF)
spectrometry, and (iii) measurements of total contents of carbon and sulfur. Commercial equipment
and associated software were used for XRD profile collection (Bruker AXS D8 Advance system-powder
diffractometer, Bruker, Billerica MA, USA), Rietveld analysis with TOPAS 5.1 (Bruker AXS, Karlsruhe,
Germany), XRF elemental analysis (Bruker AXS S4 Pioneer XRF Spectrometer), and carbon and
sulfur measurements (Elementar vario EL cube); see Couillard and Mercier [25] for details on sample
preparation and instrumental conditions. The bulk mineralogical compositions of the sub-2 µm clay
solid fractions were quantified using the singular-value decomposition quantitative phase analysis
(SVD-QPA) methodology described previously [25,35,36]. Table 1 lists the mineral and amorphous
(i.e., poorly-crystalline or finely dispersed) phases included for quantitative determination of the
mineralogical compositions of the sub-2 µm clay solid fractions using the SVD-QPA mineralogy.

For the SEM sample preparation, particles were collected on graphitic carbon tape by contacting
the tape and sample with light hand pressure. The analysis was performed on a Hitachi SU5000
(Hitachi, Tokyo, Japan) analytical scanning electron microscope (SEM) equipped with an Oxford
Instruments X-Maxn 80mm energy dispersive X-ray (EDX) spectrometer. EDX analyses were carried
out in low vacuum mode using an analysis chamber pressure of 50 Pa and accelerating voltage of
20 kV using AZtecEnergy EDX acquisition software. EDX spectra were collected over an energy range
of 20 keV at a resolution of 10 eV per channel and a live time of 30 s per analysis.

Two TEM sample preparation methods were used in this study. In the first method, TEM specimens
were prepared by dispersing the solid powder in deionized water, and sonicating for 15 min. One drop
of the solution was then placed onto a 200 mesh TEM copper grid coated with a lacey carbon support
film (Ted Pella) and dried in air. The holes in the lacey films allow for the acquisition of spectroscopy
signals without interference signals from the carbon support. In the second method, referred to as
freeze-dry preparation in this article, an aqueous solid suspension is nebulized on a 200 mesh TEM
copper grid coated with a uniform carbon support film. The grid is then immediately plunged into
an isopentene liquid held at liquid-nitrogen temperature. Using a Tissue Dryer ETD4 (Edwards
HighVacuum Ltd., Burgess Hill, UK) the grid is then held overnight in vacuum at −80 ◦C. With this
approach, the water is removed by sublimation, and drying effects are avoided [37].
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Table 1. List of mineral and amorphous phases included for determination of mineralogical composition
using SVD-QPA methodology [25,35,36]. The term “amorphous” refers to poorly-crystalline or
finely-dispersed phases not discernable in XRD powder patterns. As illite-smectite interstratification is
known to occur in oil sands [33], we then identify the corresponding phase as “illite-smectite”; however,
not knowing its chemical formulae, we assumed here a pure illite nominal stoichiometry for performing
quantitative phase analysis.

Phases Abbreviation Chemical Formula

mineral phases

Quartz QTZ SiO2

Apatite APA Ca5(PO4)3(OH)

Clay minerals CLAY

Illite-smectite ILL K0.8Al2.8Si3.2O10(OH)2

Kaolinite KAO Al2Si2O5(OH)4

Chlorite CHL Mg2.5Fe2.5Al2Si3O10(OH)8

Ca-Mg Carbonates CBNT

calcite CAL CaCO3

dolomite DOL CaMg(CO3)2

ankerite ANK CaFe2/3Mg1/3(CO3)2

Heavy minerals HEAVY

Siderite SID FeCO3

Pyrite PYR FeS2

Zircon ZIR ZrSiO4

Rutile RUT TiO2

Anatase ANA TiO2

Ilmenite ILM FeTiO3

Lepidocrocite LEP FeO(OH)

Calcium sulphates and salts

Gypsum GYP CaSO4· 2 H2O

Bassanite BAS CaSO4· 0.5 H2O

Halite HAL NaCl

Feldspars

Anorthite ANO CaAl2Si2O8

Sanidine SAN KAlSi3O8

amorphous phases

Organic carbon ORC C

Silica SIL SiO2

Amorphous iron oxide-hydroxide AFE Fe(OH)3 or FeO(OH)·H2O

A FEI Titan3 80–300 TEM operated at 300 keV, and equipped with a CEOS aberration corrector
for the probe forming lens and a monochromated field-emission gun was used to acquire both
high-resolution TEM (HRTEM) and annular dark-field (ADF) images. ADF images were collected
using a high-angle annular dark-field (HAADF) Fischione detector in scanning transmission electron
microscopy (STEM) mode. This technique provides signal intensity related mainly to the atomic
number (Z) and the thickness of the region analyzed. When combined with an aberration corrector,
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ADF-STEM can reach a sub-Angstrom resolution [38] and single-atom sensitivity [39]. The TEM
instrument is also equipped with an energy-dispersive X-ray (EDX) spectrometer (EDAX Analyzer,
DPP-II) and an electron energy-loss spectrometer (EELS). The EELS analysis was performed on a
Gatan Tridiem 866 Image Filter. To optimize the signal intensity, EDX spectra were acquired with the
specimen tilted at 15 degrees. Chemical maps are extracted from spectrum images, which consist of
two dimensional images with a full EELS spectrum acquired at each pixel. The ADF signal is also
collected simultaneously with the spectroscopy signal. The elemental maps are then obtained by
integrating edges in EELS following a background subtraction [40].

3. Results and Discussion

3.1. Analytical Characterization of Sub-2 µm Total Clay Fraction of Contaminant Solids

Table 2 summarizes the elemental and mineralogical compositions determined for the total clay
(<2 µm solids) fraction separated from the contaminant solids present in the bitumen froth sample.
A large proportion of clay minerals is present (61.8 wt %), with kaolinite (KAO = 37.4 wt %) and
illite-smectite (ILL = 23.0 wt %) as the two prevalent phyllosilicate phases. The most common element is
Si (18.67 wt %), arising partly from a non-negligible amount of quartz and silica (QTZ + SIL = 10.8 wt %)
found as contaminant solids. The second most abundant element is Al (12.38 wt %), which occurs
almost exclusively in the clay minerals. The third most abundant metallic elements are Fe (2.84 wt %),
found mainly in pyrite (PYR = 5.3 wt %), and siderite+ iron-oxide-hydroxide (SID + AFE = 1.1 wt %).
Ti, in the form of rutile or anatase, and Ca, in the form of apatite, carbonates, and sulphates, are also
present. The analysis also confirms the presence of a non-negligible amount of carbon (7.67 wt %),
which is expected to be found in carbonates, as well as toluene-unextractable organic carbon in
micron-sized carbonaceous particles and intermixed with clay minerals [25].

The morphology of the sub-2 µm mineral particles observed in SEM (Figure 1) clearly indicates
the presence of clay mineral platelets. Minerals containing metal-bearing elements are also observed
and appear as bright features. SEM-EDX analysis confirms kaolinite and illite-smectite, and to a lesser
extent quartz and pyrite, as the dominant minerals present in the sample. Rutile and anatase are also
frequently observed. Ti and Fe were also detected together in a few occurrences, suggesting trace
quantities of ilmenite, although no distinctive grains were identified. In addition, the presence of
phosphorous suggests that trace quantities of very fine-grained apatite may also be distributed within
the clays.

TEM images of the (<2 µm) clay solids dispersed on a lacey-carbon support clearly show, as
labeled in Figure 2a, two distinct clay aggregates: randomly oriented platelets (region of type A),
and large ordered stacks (region of type B). As visible on higher resolution images (Figure 2b), the
large ordered stacks (type B) also have <200 nm clay platelets stacked face-to-face on their surfaces.
The quasi-hexagonal facets observed for platelets lying flat on the carbon support are consistent
with the expected morphology from the atomic structures of clay minerals, and suggest that in this
case (Figure 2b) those particles are likely kaolinite. Nanometer-scale metal-bearing particles are
also found dispersed on the clay mineral particle surfaces and accumulate preferentially at steps.
The two clay-mineral-rich aggregates are also clearly visible on ADF-STEM images (Figure 3a).
Spatially-resolved EDX analysis confirms the composition of the clay minerals. Both illite-smectite,
containing potassium (spectrum 1 in Figure 3b), and kaolinite, without potassium (spectrum 2,
Figure 3b), are observed. Interestingly, EDX spectra, acquired over a hole in the support, indicate that
clay minerals in region of type A (spectrum 3) contain significant amount of carbon, whereas no carbon
signal is detected in region of type B (spectra 1 and 2). This result suggests that regions of type A
correspond to organo-clay aggregates. Bright features in the images correspond to the metal-bearing
nanoparticles, containing Ti, as confirmed by EDX in spectrum, but also Fe and Ca elsewhere. For a
region of type A (spectrum 3), Ca, Ti, and Fe are detected, suggesting the presence of small dispersed
metal-bearing nanoparticles.
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Table 2. Elemental and mineralogical compositions determined for total clays (<2 µm solids) and
hydrophilic and biwettable coarse clays (0.2–2 µm solids) separated from typical commercial oil sands
bitumen froth. (See notes at bottom of table for explanations of the various acronyms used and
data reported).

Phases

Phase Concentrations (wt %)

Total Clays Hydrophilic Coarse Clays Biwettable Coarse Clays

conc. s.u. conc. s.u. conc. s.u.

QTZ+SIL 10.8108 0.0350 13.1675 0.0345 3.2065 0.0346

ILL 22.9828 0.0211 25.6017 0.0214 9.0882 0.0220

KAO 37.3881 0.0847 46.9659 0.0908 11.3017 0.0885

CHL 1.4214 0.0687 0.0804 0.0002 5.4199 0.0728

DOL+CAL+ANK 5.2761 1.5114 4.5524 1.4962 0.0334 0.0001

SID+AFE 1.1262 1.2829 1.9974 1.2428 10.9664 0.03094

PYR 5.2936 1.5096 0.7817 0.0144 7.2309 0.0262

ZIR 0.0402 0.0004 0.0143 0.0007 0.2009 0.0004

RUT 0.6994 0.1993 0.4238 0.2886 1.5457 0.3003

ANA 0.5178 0.1993 0.5927 0.2886 2.3063 0.3003

ILM 0.0016 0.0002 0.0013 0.0001 0.0042 0.0003

LEP 0.0021 0.0002 0.0005 0.0000 0.0040 0.0002

GYP 0.0354 0.0059 −0.0021 0.0071 2.1035 0.0084

BAS 0.0004 0.0000 0.0086 0.0069 2.5518 0.0149

ANO 0.0004 0.0000 0.0005 0.0000 0.0020 0.0003

SAN 0.0004 0.0000 0.0005 0.0000 0.0029 0.0005

ORC 6.6583 0.4834 3.5724 0.4636 27.4031 0.0654

APA 1.0264 0.0041 0.9103 0.0040 2.6486 0.0057

HAL 5.5164 0.0006 1.3336 0.0016 1.9320 0.0006

Clay minerals 61.7923 0.0770 72.6480 0.0407 25.8097 0.0814

Total accounted 97.2842 0.0564 100.003 0.0002 87.952 0.055

Element concentrations (wt %)

Elements meas. s.u. recalc. meas. recalc. meas. recalc. meas.

Na 0.10 2.1700 2.17 0.5246 0.53 0.7600 0.76

K 0.04 1.8400 1.84 2.0496 2.05 0.7280 0.73

Si 0.22 18.6700 18.67 22.2760 22.39 6.8000 6.80

Al 0.17 12.3802 12.38 14.7746 14.91 4.5812 4.56

Fe 0.27 2.8400 2.84 2.0284 2.13 10.0200 10.02

Mg 0.05 0.8373 0.84 0.6505 0.71 0.5209 0.76

Ca 0.22 1.3006 1.30 0.7888 0.83 2.2602 2.26

Ti 0.032 0.7300 0.73 0.6096 0.61 2.3100 2.31

Zr 0.045 0.0200 0.02 0.0071 0.01 0.1000 0.10

P 0.01 0.1899 0.19 0.1684 0.17 0.4900 0.49

C 0.1 7.6700 7.67 4.1669 4.22 28.1100 28.11

S 0.1 2.0274 2.03 0.4193 0.43 4.8206 4.82

Notes: wt % = weight percent; conc. = concentration; s.u. = standard uncertainty; meas. = measured;
recalc. = recalculated. The recalculated elemental composition is obtained from the mineralogical composition
determined using SVD-QPA methodology.
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dispersed on the clay mineral surfaces.
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3.2. Analytical Characterization of Sub-200 nm Ultrafines Fraction of Contaminant Solids

Table 3 summarizes the elemental and mineralogical compositions determined for the ultrafines
(<0.2µm solids) fraction of the contaminant solids present in the bitumen froth sample. As demonstrated
in Figure 4, the X-ray diffraction powder pattern measured for the separated sub-200 nm ultrafines
proves this fraction to consist entirely of a mixture of illite-smectite and kaolinite, at least from a
diffraction standpoint.
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Table 3. Elemental and mineralogical compositions determined for ultrafines (<0.2 µm solids) separated from typical commercial oil sands bitumen froth (acronyms
used and data reported as per Table 2). The term “amorphous” refers to poorly-crystalline or finely-dispersed phases not discernable in XRD powder patterns. Again,
as illite-smectite interstratification is known to occur in oil sands [33], we then identify the corresponding phase as “illite-smectite”; however, not knowing its chemical
formulae, we assumed here pure illitic nominal stoichiometries for performing quantitative phase analysis.

Phases Chemical formula
Phase concentrations (wt %)

conc. s.u. conc. s.u. conc. s.u. conc. s.u.

Illite-smectite

K0.8Al2.8Si3.2O10(OH)2 28.9786 0.0053 — — — — — —

K0.6Al2.6Si3.4O10(OH)2 37.8856 0.0089 — — — —

K0.4Al2.4Si3.6O10(OH)2 55.6969 0.0189 — —

K0.3Al2.3Si3.7O10(OH)2 — — — — — — 72.7050 0.0287

Kaolinite Al2Si2O5(OH)4 32.1326 0.0136 25.7510 0.0158 12.9899 0.0225 0.2712 0.0320

Organic carbon C 8.7600 0.0025 8.7600 0.0025 8.7600 0.0025 8.7600 0.0025

Amorphous iron
oxide-hydroxide Fe(OH)3 or FeO(OH)·H2O 6.4411 0.0300 6.4411 0.0300 6.4411 0.0300 6.4411 0.0300

Ionic Fe Fe 0.6441 0.0151 0.6441 0.0151 0.6441 0.0151 0.6441 0.0151

Ionic Ca Ca 0.8500 0.0007 0.8500 0.0007 0.8500 0.0007 0.8500 0.0007

Ionic Mg Mg 0.9000 0.0001 0.9000 0.0001 0.9000 0.0001 0.9000 0.0001

Ionic Na Na 0.5100 0.0001 0.5100 0.0001 0.5100 0.0001 0.5100 0.0001

Ionic SO4 SO4 2.0672 0.0224 2.0672 0.0224 2.0672 0.0224 2.0672 0.0224

Ionic PO4 PO4 0.6132 0.0000 0.6132 0.0000 0.6132 0.0000 0.6132 0.0000

Amorphous TiO2 TiO2 0.46718 0.00001 0.46718 0.00001 0.46718 0.00001 0.46718 0.00001

Amorphous zircon ZrSiO4 0.04019 0.00002 0.04019 0.00002 0.04019 0.00002 0.03944 0.00002

Amorphous silica SiO2 13.8127 0.0073 10.8419 0.0072 4.9010 0.0075 — —

Total accounted 96.2168 0.0398 95.7714 0.0398 94.8807 0.0398 94.2684 0.0392
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Table 3. Cont.

Element concentrations (wt %)

Elements meas. meas. s.u. recalc. recalc. recalc. recalc.

Na 0.51 0.10 0.5100 0.5100 0.5100 0.5100

K 2.32 0.04 2.3199 2.3198 2.3197 2.2942

Si 20.12 0.22 20.1200 20.1200 20.1200 20.3906

Al 12.32 0.17 12.3200 12.3200 12.3200 12.1948

Fe 4.01 0.27 4.0100 4.0100 4.0100 4.0100

Mg 0.90 0.05 0.9000 0.9000 0.9000 0.9000

Ca 0.85 0.22 0.8500 0.8500 0.8500 0.8500

Ti 0.280 0.032 0.2800 0.2800 0.2800 0.2800

Zr 0.020 0.045 0.0200 0.0200 0.0200 0.0196

P 0.20 0.01 0.2000 0.2000 0.2000 0.2000

C 8.76 0.1 8.7600 8.7600 8.7600 8.7600

S 0.69 0.1 0.6900 0.6900 0.6900 0.6900
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Figure 4. X-ray diffraction powder patterns measured for (a) separated sub-200 nm ultrafines fraction,
compared to those obtained for (b) biwettable and (c) hydrophilic coarse clays (0.2–2 µm), and (d) total
clays (<2 µm).



Minerals 2020, 10, 1040 13 of 21

However, considering a range of chemical formulae for the illite-smectite phase consistent with
those reported in Srodon et al. [41] for a large number of pure illite and illite-smectite samples, a more
elaborate quantitative phase analysis estimation of the mineralogical composition of the ultrafines
was attempted, as shown in Table 3. By arbitrarily assuming chemical formulae corresponding to four
distinct atomic fractions of potassium of 0.8, 0.6, 0.4 and 0.3 atoms per formula unit, this reveals that
the mass ratio of illite-smectite to kaolinite present in the ultrafines is highly dependent on the chemical
formulae assumed for the illite-smectite phase. Moreover, to fully account for the bulk elemental
concentrations of K and Si determined by XRF analysis, it was also necessary to infer the presence of
poorly-crystalline or finely dispersed silica for the three cases with higher atomic fractions of K (i.e., 0.8,
0.6 and 0.4). For the chemical formulae with the lowest atomic fraction of K equal to 0.3, it was not
necessary to infer the presence of silica; however, this yielded a concentration of kaolinite that seems
abnormally low. For the four different assumptions of chemical formulae for the illite-smectite phase,
the proportion of silica determined in the ultrafines is thus shown to decrease as the atomic fraction of
K assumed for the illite-smectite phase decreases.

For the results of mineralogical compositions of the ultrafines fraction reported in Table 3, other
assumptions were also made that warrant discussion. Specifically, we assumed that Na, Ca, Mg, and
some portion of Fe were present in ionic form, either as fixed cations corresponding to the atomic
fractions of those elements associated with the precise chemical formulae of the illite-smectite phase,
or as exchangeable cations intercalated in-between composite layers within the illite-smectite phase.
This is consistent with the results by Srodon et al. [41] mentioned above. Similarly, we also assumed
that S and P occurred in ionic form as SO4 and PO4 anions. Lastly, we assumed that the vast proportion
of Fe occurred as poorly crystalline or finely-dispersed iron oxide-hydroxide, and similarly, Ti and Zr
were also deemed to occur as poorly-crystalline or finely-dispersed phases of titanium oxide (TiO2)
and zircon (ZrSiO4). This is consistent with the TEM observations.

Overall, from the X-ray diffraction evidence (Figure 4) and the quantitative phase analysis results
obtained here (Table 3), we thus conclude that at the bulk-measurement level, the ultrafines fraction
separated here consists entirely of a mixture of illite-smectite and kaolinite. However, the mass ratio of
illite-smectite to kaolinite and the precise chemical formulae of the illite-smectite phase existing in the
ultrafines are uncertain.

At the microscopic level, for the ultrafines (<0.2 µm) solid fraction, the ADF-STEM image shown
in Figure 5a display large mineral aggregates composed mainly of clay minerals, where each individual
platelets are typically less than 0.2 µm in size. The formation of micron-sized aggregates is probably due
to drying effects during the TEM specimen preparation. A closer look reveals, again, two characteristic
regions; one with well-ordered face-to-face platelet stacking (arrow 1), and one with more randomly
oriented platelets (arrow 2). A spatially-resolved EELS and corresponding extracted elemental map
(Figure 5b) were acquired over the region identified by the white rectangle in the ADF-STEM image
(Figure 5a). The elemental analysis confirms the presence of nanoparticles containing Ti, Fe, and Ca
that are dispersed on the surface of the clay platelets. In Figure 5b, two Ti-containing nanoparticles
appear prominently. The map shown in Figure 5b also highlights the presence of carbon in regions
with randomly oriented clay platelets, whereas region with face-to-face platelets stacking have only
very small or undetectable carbon content.
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3.3. Morphology and Mineralogy of Hydrophilic vs. Biwettable Sub-2 µm Clay Aggregates

XRD patterns measured for hydrophilic and biwettable coarse clays (0.2–2 µm), as well as for total
clays (<2 µm), are shown in Figure 4 in comparison to that from ultrafines (<0.2 µm). Table 2 presents
the elemental and mineralogical compositions determined for the hydrophilic and biwettable coarse
clay (0.2–2 µm) fractions isolated as described in Section 2.1 from the bitumen froth sample. In general,
we observe clear systematics in the progression of phase abundances in going from hydrophilic coarse
clays, through total clays, to biwettable coarse clays. Specifically, in the latter sequence, the following
phase concentrations are distinguished: 13.2, 10.8, and 3.2 wt % for quartz + silica (QTZ + SIL); 72.6,
61.8, and 25.8 wt % for clay minerals; 0.8, 5.3, and 7.2 wt % for pyrite (PYR); and finally, 3.6, 6.7, and
27.4 wt % for toluene-unextractable organic carbon (ORC). Notably, significantly larger quantities of
heavy minerals, especially pyrite and siderite+ iron-oxide-hydroxide (AFE), but also rutile (RUT),
anatase (ANA), and zircon (ZIR), are present in biwettable coarse clays compared to total clays and
hydrophilic coarse clays. Another observation is the progressive decrease in the mass ratio of kaolinite
over illite-smectite, which varies from ~1.84 in hydrophilic coarse clays, to ~1.65 in total clays, and
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down to ~1.24 in biwettable coarse clays. In terms of clay mineralogy, it is also clear that chlorite is
distinctively more abundant in biwettable coarse clays than in total clays and hydrophilic coarse clays.

At low magnifications, mineral aggregates for both fractions appear qualitatively similar
(Figure 6a,c). In Figure 6, it is discernable that the aggregates contain clay platelets and various
other minerals, such as the large pyrite particles visible in Figure 6a. Clear differences, however, are
revealed more distinctly at higher magnifications (Figure 6b,d). Biwettable coarse clay aggregates
contain mainly randomly oriented clay platelets, whereas for hydrophilic coarse clays, the clay platelets
are predominantly found in ordered face-to-face stacking. Moreover, clay facets appear better defined
in the hydrophilic fraction, with clearly visible sharp quasi-hexagonal facets.
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Structural deformation of the mineral aggregates occurs in conventional TEM sample preparation
due to the surface tension operating in the last stage of drying of the aqueous solution on the support.
The two main alterations usually observed are a tendency of the aggregates to lie flat on the lacey-carbon
support, and a clumping of the component particles. In Figure 6, the aggregates are compact, and
large clay platelets tend to lie flat on the support. To avoid these air-drying effects, we have applied a
freeze-drying preparation, as described in the experimental section. With this approach, the water is
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removed by sublimation instead of evaporation, and the structure of the mineral aggregates should
be better preserved. Mineral associations should also appear more clearly. Figure 7a,d present low
magnification images of biwettable and hydrophilic coarse clay aggregates prepared with the freeze-dry
preparation. To emphasize the effect of mineral association, we display two of the larger aggregates
observed in the samples, with dimensions on the order of (or slightly larger than) 2 µm. Compared to
TEM specimens prepared with the conventional preparation (Figure 6), the aggregates observed in
Figure 7 are less compact. This is an indication that the freeze-dry method successfully avoided drying
artefacts. Furthermore, instead of lying mainly flat on the support, clay platelets are now randomly
oriented. Typical thickness for the hydrophilic clay stacks can now be directly evaluated, and we
observe a range from a few to ~50 nanometers. Clay mineral particles in the hydrophilic fraction
display sharper contrast and appear more well-defined than in the biwettable fraction. In both parallel
and perpendicular orientations, the edges are more clearly resolved.
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Figure 7. Low magnification TEM images of (a–c) biwettable and (d–f) hydrophilic coarse clay aggregates.
The specimens were prepared using a freeze-dry method (see text).

For the biwettable fraction, smaller than 200 nm clay platelets protrude around the aggregates’
edges. This is visible at low magnification (Figure 7a), but appears more clearly at higher magnifications
(Figure 7b,c). These <200 nm clay platelets, with lateral dimension less than a few hundreds of
nanometers, are randomly oriented in the biwettable aggregates (Figure 7b, e.g., arrow 1), whereas they
tend to be stacked face-to-face on larger clay stacks in the hydrophilic fraction (Figure 7e, e.g., arrow 3).
Biwettable clays also tend to appear as delaminated layers, and some platelets have thicknesses of
only a few atomic planes. Furthermore, <200 nm clay platelets often cover the surfaces of larger
particles in the biwettable fraction (Figure 7c, arrow 2). Larger mineral particles in the hydrophilic
fraction more often display exposed surfaces without clay platelets (Figure 7f, arrow 4). Further work
would be needed to go beyond a qualitative description of the aggregate structure and to analyze
mineral aggregates found in other environment than aqueous solutions, in particular, water-in-bitumen
emulsions. The observations presented here, however, conclusively point to an important role played
by <200 nm clay platelets in defining the wettability behaviors and morphological characteristics of
heterogeneous coarse clay aggregates.
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3.4. Interfacial Characteristics of <200 nm Clay Platelet Surfaces

Elemental maps were acquired using spatially-resolved EELS analysis to compare the organic
coatings of clay minerals found in both hydrophilic and biwettable coarse clay fractions. Figure 8
presents ADF-STEM images and elemental maps for each of these two fractions, acquired at high
magnification on <200 nm clay platelets with a field of view around 100 nm. The RGB contrast consists
of: red = iron, green = carbon, and blue = oxygen. Interestingly, even at this scale, the clay platelets
appear visually less well-defined in the biwettable solids. Clear quasi-hexagonal facets are observed
for the hydrophilic coarse clays. Metal-bearing nanoparticles dispersed on the surfaces of the clay
platelets are found in all the images, for both hydrophilic and biwettable fractions.
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acquired on (a) biwettable and (b) hydrophilic <200 nm clay platelets. The RGB contrast consists of:
red = carbon, green = iron, and blue = oxygen.

However, clear differences are observed in the carbon coverage between the two fractions.
Comparing the distribution of oxygen (blue) and carbon (green) is indicative of the carbon coverage of
clay platelets. The carbon tends to accumulate at steps or edges in both hydrophilic and biwettable
clay aggregates, but in the case of the biwettable fraction, a carbon signal is also detected on the
surfaces as well. However, the carbon coating is not uniform on the platelets’ surfaces. For hydrophilic
coarse clays, carbon content is significantly lower on the surfaces of clay platelets. Some carbon
was found at edges, or associated with Fe, which suggests that some nanoparticles might be siderite
or carbon in association with nano-particulate iron oxide. We note that the carbon signal is more
spatially diffused than the Fe signal, which indicates that some carbon is probably in the form of
toluene-unextractable organic carbon accumulating around the nanoparticle, and not only included in
the siderite or nano-particulate iron oxide structures.

3.5. Implications of Results for Emulsion Stabilization and Bitumen froth Treatment Process

As per recent review by Kilpatrick [9], there are many factors influencing water-in-oil emulsion
stabilization and many questions remain unanswered. Indeed, emulsions of water in petroleum or
petroleum-derived liquids can be stabilized by a variety of chemical components present in petroleum
and/or surface-active compounds with which petroleum comes into contact. The latter review discussed
extensively the potential mechanisms by which asphaltenes, resins, carboxylic acids of various types,
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and fine inorganic particles, and combinations of these types of materials, may contribute to emulsion
stabilization. In particular, it was noted that asphaltenes can adsorb and modify inorganic fine solid
particle surfaces, thereby enhancing emulsion stability. This has been demonstrated using emulsion
model systems of asphaltene reacted with clays (kaolin, montmorillonite) and iron oxide [22], as well
as with model water-in-hydrocarbon emulsions consisting of toluene, heptane, water, asphaltenes, and
native oil sands solids including mostly clays [21]. Most notably, these studies showed that, as the
inorganic particle size decreases and/or the wettability coverage of particle surfaces by asphaltene varies,
there is a much steeper enhancement of emulsion stability. The most effective particles at dramatically
enhancing emulsion stability were those in the range of 100–500 nm in size. Additionally, there also
appeared to be a limit and optimal range to the asphaltene surface coverage of particles, suggesting
that asphaltene and fine solids likely compete between each other for the oil/water interface of the
emulsions when they are being formed. The review by Kilpatrick [9] concluded that: “The mechanism
of stabilization of water-in-crude oil emulsions by inorganic solid particles thus appears to be primarily
through the enhancement of asphaltene and/or resin or crude oil acid-stabilized emulsions through
the absorption of surface-modifying components in the crude oil to the particles that render them
interfacially active”.

In the present work, however, for three sub-2 µm solid fractions isolated from a typical bitumen
froth produced commercially from aqueous extraction of bitumen from oil sands, we demonstrated
key differences in morphology and composition between sub-2 µm clay aggregates with two distinct
wettability characteristics: hydrophilic vs. biwettable particle surfaces. In particular, clay platelets with
<200 nm lateral dimensions and thicknesses of a few atomic layers, which are intermixed within coarser
sub-2 µm clay aggregates, were found to confer clear differences in morphological characteristics
and wettability behaviors to the sub-2 µm clay aggregates. The <200 nm clay platelets found within
biwettable coarse clays (0.2–2 µm) tended to arrange themselves with random orientations, whereas
<200 nm clay platelets within hydrophilic coarse clays typically formed well-ordered face-to-face stacks.
Moreover, in biwettable coarse clay aggregates, <200 nm clay platelets often covered the surfaces of
micron-sized mineral particles, whereas larger mineral particles in hydrophilic coarse clay aggregates,
in contrast, generally had exposed surfaces without clay platelet coverage. These biwettable vs.
hydrophilic behaviors are attributed to a difference in the surface characteristics of the <200 nm clay
platelets caused by toluene-unextractable organic carbon coatings. Nanometer-scale carbon mapping
revealed an inhomogeneous toluene-unextractable organic carbon coating on the surfaces of <200 nm
platelets in biwettable clays. In contrast, hydrophilic clays have a significantly lower amount of
toluene-unextractable organic carbon, which tends to be concentrated at steps or near metal oxide
nanoparticles on clay particle surfaces.

In context of the bitumen froth treatment process, we suggest that the inherent morphological
characteristics and wettability behaviors of hydrophilic and biwettable sub-2 µm clay aggregates
caused by toluene-unextractable carbon coatings will be sufficient to enable the formation and
enhancement of solid-stabilized water-in-oil emulsions with differing extent of emulsion stability.
In other words, the absorption of surface-modifying components (such as asphaltenes, resins,
or carboxylic acids of various types) during bitumen production and especially in froth treatment, is
not a necessary condition for the hydrophilic and biwettable sub-2 µm clay aggregates to enhance
emulsion stabilization. However, the emulsion enhancement effect may be further exacerbated by the
adsorption of surface-active species onto the toluene-unextractable organic carbon revealed here to be
comprised in both hydrophilic and biwettable coarse clay aggregates separated from a typical bitumen
froth produced at commercial operations.

4. Summary and Conclusions

In summary, we have analyzed with nanometer precision the structure and composition of
sub-2 µm heterogeneous clay aggregates present in a typical bitumen froth produced commercially
at a mined oil sands operation, with an emphasis on clarifying the composition, morphology, and
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wettability. Whereas pyrite, siderite, quartz/silica, and various metal-bearing minerals are present, the
mineralogy of sub-2 µm contaminant solids is dominated by clay minerals, in particular illite-smectite
and kaolinite. From X-ray diffraction evidence and quantitative phase analysis results obtained here,
we also showed that, the <0.2 µm solids ultrafines fraction separated consists entirely of a mixture
of illite-smectite and kaolinite. However, the mass ratio of illite-smectite to kaolinite and the precise
chemical formulae of the illite-smectite phase existing in the ultrafines are uncertain. Furthermore, by
separating sub-2 µm contaminant solids according to their wettability, we observed that illite-smectite
and kaolinite are present in both biwettable and hydrophilic fractions. The spatial distribution of
<200 nm clay platelets within sub-2 µm clay aggregates, however, is remarkably different. Orderly
stacked clay platelets are typically observed in the hydrophilic solid fraction, whereas randomly
oriented <200 nm clay platelets are found in the biwettable fraction. Moreover, larger mineral particles
had their surfaces mostly exposed in the hydrophilic fraction, and covered with clay minerals in the
biwettable fraction. We attribute this difference in behavior of <200 nm clay platelets to their surface
characteristics, and in particular to the presence or absence of a tightly-bound toluene-unextractable
organic matter coating. An organic coating is revealed on the <200 nm clay platelet surfaces present
in the biwettable fraction, and is found to be inhomogeneous at the nanometer scale. This contrasts
with the much lower carbon content observed on <200 nm clay platelets in the hydrophilic fraction.
We suggest that these inherent morphology and wettability characteristic differences of organo-clay
arrangements between hydrophilic and biwettable sub-2 µm clay aggregates present in the bitumen
froth will enable the formation and enhancement of solid-stabilized water-in-oil emulsions with
differing extent of emulsion stability during the bitumen froth treatment process.
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