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Analytical Electron Microscopy of Carbon-Rich Mineral Aggregates in
Solvent-Diluted Bitumen Products from Mined Alberta Oil Sands

Martin Couillard and Patrick H. J. Mercier*

Energy, Mining and Environment Portfolio, National Research Council Canada, 1200 Montreal Road, Ottawa, Ontario, Canada KI1A

OR6

ABSTRACT: Contaminant solids in solvent-diluted bitumen product obtained by solvent extraction and solids agglomeration
(SESA) of Alberta oil sands are characterized using aberration-corrected scanning transmission electron microscopy (STEM). In
particular, the distribution of carbon present in these contaminant solids is determined from spatially resolved spectroscopy.
Three distinct types of carbon-rich particles are identified and consist of carbonate minerals, micrometer-sized particles of
toluene-insoluble organic carbon, and clay aggregates containing toluene-insoluble organic carbon. Energy-dispersive X-ray
spectroscopy (EDX) maps confirm the presence of carbonates, in addition to other minerals, whose abundances are determined
by a recently developed quantitative phase analysis methodology. Carbonaceous micrometer-sized particles with detectable
amounts of oxygen and sulfur also appear in the elemental maps and suggest the presence of bitumen-unrelated organic materials.
Finally, EDX maps also suggest an intricate sub-micrometer association of carbon with clay minerals. To map the distribution of
light elements and transition metals in these clay aggregates, electron energy-loss spectroscopy (EELS) analysis has been carried
out at the nanometer scale. In addition to carbon-rich regions, sub-10-nm titanium and iron oxide particles are often found
dispersed on the clay surfaces. By observing clay platelets in orientations both parallel and perpendicular to the electron beam,
EELS maps confirm that the carbon is present on the surface of the clays, rather than intercalated between individual clay mineral
layers within the crystal structure. Furthermore, the organic coating is not uniform, displaying carbon-rich features with
dimension on the order of a few nanometers, while leaving some regions of the clay mineral surface exposed. Partial nanometer-
scale organic coverage has been proposed to result in a biwettable character for clay platelets that will influence the bitumen
extraction process, and such coverage has been shown here directly for the first time using spatially resolved spectroscopic

microscopy observations.

1. INTRODUCTION

Oil sands consist of sand, clay, water, and minor amounts of
other minerals (e.g, carbonates, pyrite, and titanium oxides)
mixed with bitumen, which is a dense and viscous form of
petroleum.”” Under ambient conditions, bitumen does not flow
and has a density similar to water. This presents significant
challenges for the extraction of the bitumen, which is usually
done through surface mining with water-based flotation of
bitumen from the ores,>* or through in situ methods such as
the steam-assisted gravity drainage process.” As a result of the
adverse environmental effects of oil sands tailings ponds,6 there
is recently an increasing interest in nonaqueous extraction
(NAE) processes, such as solvent extraction, that do not
produce wet tailings.””'' An additional challenge for any
recovery processes is the presence of microaggregated minerals
and water in the bitumen products that may eventually lead to
corrosion and fouling problems in downstream upgrading
operations.12

Phyllosilicate clays are problematic in many aspects of
aqueous separation of bitumen from oil sands by flotation."*~"*
Clay particles may arise in bitumen products owing to the
formation of water-in-oil emulsion during the extraction
process,'® which reduces the recovery of bitumen and increases
the water content in the final bitumen product.'” Adsorption of
organic matter onto clay surfaces’’™** may also result in a
biwettable character for the platelets, and an emulsion can then
be stabilized by an accumulation of these platelets at the
bitumen—water interface.”> The extent to which bitumen
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droplets are covered by fine particles is commonly referred to
as slime coating.19 Through carryover (entrainment), other
types of solids may also report to the bitumen products, such as
soluble salts. Zircon and titanium-bearing minerals are known
to float to the bitumen froth."” Naturally oleophilic or
hydrophobic minerals, for instance iron oxides, have also
been found in solvent-diluted bitumen products from solvent
extraction of Alberta oil sands.”**

The carbon present in contaminant solids within coker-feed
bitumen from oil sands operations has previously been assigned
to aromatic polar organic matter derived from humic and
asphaltene-like substances.””*® These studies were based on
surface science analytical tools such as X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy
(FTIR), and time-of-flight secondary ion mass spectroscopy
(ToF-SIMS). By simultaneously detecting inorganic and
organic elements in the surface layer using ToF-SIMS, ref 26
also concluded that the surface layer of organic matter is
patchy, rather than continuous. This analysis is consistent with
the biwettable characteristics previously observed for clays.””
Synchrotron-based techniques have also been applied to study
the clay—organic interaction.”® In particular, X-ray absorption
spectroscopy (XAS), acquired in a scanning transmission X-ray
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microscopy (STXM) mode,””** has been performed on
carbon-rich regions of clay mineral particles extracted from
oil sands, and the bound organics were identified as being
primarily aromatic.”’

To further characterize clay—organic complexes present in
solvent-diluted bitumen products, there is a need for spatially
resolved analysis of the carbon at the nanometer scale.
Transmission electron microscopy (TEM) is known to provide
such analysis with sufficient resolution and has previously been
applied to the study of contaminant solids in oil sands bitumen
products.32_34 In particular, scanning transmission electron
microscopy (STEM), coupled with energy-dispersive X-ray
spectroscopy (EDX) and electron energy-loss spectroscopy
(EELS), can be combined to provide both structural and
chemical analysis. EDX can detect a wide range of elements and
provide maps that are complementary to bulk elemental
analysis with X-ray fluorescence (XRF) spectrometry. Similarly,
mineral association between the various phases identified by
bulk X-ray diffraction (XRD) analysis can also be directly
visualized by STEM-EDX. Since clays are radiation sensitive,
the resolution of chemical maps will be dose-limited. EELS has
a significantly higher collection efficiency than EDX and is also
more sensitive to light elements, and it is therefore ideally
suited to study organoclay aggregates.”>™’

In this work, we study the carbon distribution within residual
solids found in solvent-diluted bitumen product obtained by
laboratory-scale solvent extraction and solids agglomeration of
Alberta oil sands.”® In particular, the clay—organic aggregates
are analyzed at nanometer scale with EELS. The solids present
in the solvent-diluted bitumen product are isolated from the
sample using a toluene—water interfacial separation technique
described below. Three major sources of carbon are identified
in the residual solids. (1) Carbonate minerals (siderite in
crystalline form is identified by XRD, and particles of other
carbonate minerals (dolomite, calcite, and/or ankerite) are also
directly imaged in EDX); (2) micrometer-sized carbon-rich
particles (carbonaceous particles, also containing oxygen and
sulfur, appear in elemental maps as irregular micrometer-sized
features); (3) organic carbon intermixed with clay (EELS analysis
of clay mineral platelets provides evidence of a nonuniform
coating, with carbon-rich features of only a few nanometers).

2. EXPERIMENTAL SECTION

2.1. Materials (Oil Sand Samples and Separation Process).
The residual contaminant solids characterized in this work were
obtained from solvent-diluted bitumen produced by laboratory-scale
solvent extraction and solids agglomeration (SESA) of Alberta oil
sands.>® The SESA experiment performed to produce the bitumen
product was carried out using cyclohexane as the solvent. Deionized
water was added for agglomeration in order to achieve a nominal
water-to-mineral-solids mass ratio of 0.12 during agglomeration. The
total amount of solids (i.e., the mass concentration of solids in weight
percent) present in the solvent-diluted bitumen product from the
SESA experiment was not determined. Nonetheless, a settled solids
layer accumulated to the bottom of the laboratory-scale SESA bitumen
product after prolonged standing in a 2 L glass jar. The solids fractions
analyzed here were isolated from those settled solids using the
following toluene—water interfacial separation technique: (1) The
settled solids at the bottom of the 2 L jar were scraped off
(approximately 2 g) and placed in a 100 mL “jar A”. (2) A 10 ¢
amount of water was added to jar A and the remainder filled with
toluene. (3) Jar A was agitated vigorously for S min using a high-
intensity Spex mixer and then centrifuged for 20 min at 950 gravities.
(4) The toluene supernatant was removed and discarded. (5) Steps 3
and 4 were repeated with fresh toluene until the supernatant was clear
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and colorless. (6) Jar A was three-quarters filled with water and the
remaining filled with toluene. This was hand shaken and left to sit for a
minimum of 20 min. (7) Following this previous step, two layers
formed in jar A: (i) a cloudy water layer showing the presence of
hydrophilic solids (HPS) and (ii) a layer of “organic-rich solids”
(ORS) accumulated at the toluene—water interface. The ORS layer
was removed with a spatula and placed into a separate 100 mL “jar B”.
(8) Steps 6 and 7 were repeated until there was no more ORS material
remaining in the initial jar A. (9) Jar B was half-filled with water and
half with toluene, was hand shaken, and then allowed to sit for 20 min.
(10) There was still some cloudiness, so this water layer was
transferred out of the jar. (11) Steps 9 and 10 were repeated until
there was no cloudiness in jar B. (12) Jars A and B were placed in an
oven at 110 °C overnight.

2.2. Analytical Methods. Bulk analyses of the chemical and
mineralogical composition of solids in the ORS fraction were obtained
as follows. Absolute concentrations for elements heavier than Na were
measured with commercial equipment for X-ray fluorescence (XRF)
elemental analysis (Bruker AXS S4 Pioneer XRF spectrometer)
following the calibration protocol described in ref 39, standard
equipment (Elementar vario EL cube) was used for measuring
absolute total contents of carbon and sulfur in the sample. Commercial
equipment for XRD profile collection (Bruker AXS D8 Advance
system 0—6 powder diffractometer) and Rietveld analysis with TOPAS
5.1 (Bruker AXS, Karlsruhe, Germany) were used to determine
abundance ratios for the crystalline mineral phases. The mineralogical
compositions of selected samples were obtained using a new
quantitative phase analysis (QPA) methodology parametrized with
singular-value decomposition (SVD) based least-squares refinement.
This novel methodology, referred to as SVD-QPA,***! extends
standard QPA from a maximum of 6—10 phases to a generalized
methodology capable of treating an unlimited number of phases,
including both crystalline (mineral, inorganic) and amorphous
(organic, nanoparticle) phases. The SVD-QPA methodology employs
a linear least-squares refinement procedure to determine mineralogical
compositions based on combined experimental results from metal
concentrations by XRF (Si, Al, K, Mg, Fe, Ti, Zr, Mg, Ca, and P),
carbon and sulfur contents, and mineral ratios determined by Rietveld
analysis of XRD powder patterns.

Imaging of the residual mineral solids was carried out using both
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The SEM was carried out using a JEOL 840A
microscope. The powdered samples were first encapsulated in a
polymerized resin and polished mechanically to obtain a flat surface
topography. TEM specimens were prepared by first dispersing the
solid powder in ethanol and then 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. A
FEI Titan® 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 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, ADF-STEM can reach a sub-angstrom
resolution*” and single-atom sensitivity.**

The TEM instrument is also equipped with an EDX spectrometer
(EDAX Analyzer, DPP-II) and an EELS instrument. The EELS
analysis was performed on a Gatan Tridiem 866 image filter, which
includes a CCD camera that was also used for the bright-field TEM
and HRTEM imaging. To obtain elemental maps, spatially resolved
EELS and EDX were collected in STEM. To optimize the signal
intensity, EDX spectra were acquired with the specimen tilted at 15°.
In general, EDX is more sensitive to heavier elements, while EELS is
more sensitive to light elements. EELS is therefore better suited to
map the carbon distribution at high-spatial resolution on clay surfaces
and at the interface with minerals. Chemical maps are extracted from
spectrum images, which consist of a two-dimensional image with a full
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EDX or 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 peaks in EDX and edges in
EELS following a background subtraction.**

3. RESULTS AND DISCUSSION

The analysis of the contaminant solids separated from the
solvent-diluted bitumen product is performed in two steps.
First, a bulk characterization quantifies the overall elemental
composition and mineral content of the contaminant solids.
The second step in the analysis consists of a spatially resolved
characterization. By combining both SEM and TEM, we image
mineral solid particles from the millimeter scale down to the
atomic scale. EDX spectrum imaging provides evidence of
association between the minerals identified by bulk XRD
analysis, and nanometer-scale EELS analysis is carried out to
map the carbon distribution.

3.1. Bulk Composition and Mineralogy. Table 1
summarizes the elemental analysis for the two solids fractions,

Table 1. Elemental Composition in Weight Percent for the
Organic-Rich Solids (ORS) and the Hydrophyllic Solids
(HPS)“

composition (wt %)

elements ORS HPS
C 12.35 2.29
S 6.06 1.23
Si 10.26 31.97
Al 6.32 6.93
K 1.01 1.19
Fe 17.39 1.0
Ti 2.05 0.32
Ca 0.94 0.68
Mg 0.55 0.48
P 0.23 0.04

“See text for description.

HPS and ORS, isolated from the solvent-diluted bitumen
product using the toluene—water interfacial separation
technique described above. The ORS fraction is hydrophobic,
and accumulates at the toluene—water interface, whereas the
HPS fraction comprises the solids partitioning to the water
layer. The measurements reveal a significantly higher carbon
content for the ORS fraction, estimated at 12.3 compared to 2.3
wt % for the HPS fraction. The natural hydrophilicity of quartz
may partially explain the larger content of silicon in the HPS
fraction. Clay minerals are found in both fractions, as suggested
by the Al content (as well as K content for illite). This
observation is consistent with a biwettable character for the
organoclay microaggregates present in the bitumen product.
Finally, iron and, to a lesser extent, titanium both represent a
significant fraction of the elements present in the ORS fraction.

Mineral quantification results for the ORS fraction are
summarized in Table 2. These results were obtained with the
SVD-QPA methodology described above by combining (i)
mineral ratios determined by Rietveld analysis of the XRD
powder profile in Figure 1 and (ii) elemental analyses reported
in Table 1. Table 2 also lists the abbreviations and chemical
formulas of the 19 mineral and three amorphous phases
considered for quantitative phase analysis. The least-squares
SVD-QPA methodology was used to determine mineralogical
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composition of the ORS sample based on a least-squares SVD-
QPA model including these 22 phases.

The mineralogical composition results (Table 2) confirm the
presence of a large fraction of clay minerals, with kaolinite
(KAO) and illite (ILL) as the two prevalent phyllosilicate
phases. Even if naturally hydrophilic, quartz (QTZ) and
amorphous silica (SIL) are also found in the ORS fraction,
possibly due to modification of their surfaces, by association
with other minerals or through entrainment. By and large, iron
is the most abundant element among those analyzed (Table 1)
and it can be found mainly as pyrite (PYR), siderite (SID), and
amorphous iron oxide—hydroxide phases (AFE) (Table 2).
Note that the AFE phase assumed in the SVD-QPA model was
not directly observable by XRD. Figure 1 clearly shows that
pyrite and siderite are the two main crystalline phases
contributing to the XRD powder pattern. In addition to
siderite, other carbonate phases such as dolomite (DOL),
calcite (CAL), and ankerite (ANK) explain part of the carbon
content detected in the sample. Ti-bearing minerals, in
particular rutile (RUT) and anatase (ANA), are also detected
by XRD. The mineralogical composition results account for
around 92 wt % of the total mass of the ORS fraction.

3.2. Electron Microscopy Imaging. SEM images
presented in Figure 2 clearly show the heterogeneity of the
sample. The brightest features correspond to minerals bearing
heavy elements such as Fe or Ti. In particular, cube particles are
commonly observed (arrow 1) and are identified as pyrite.
Darker areas (e.g,, arrow 2) include mineral matrices largely
composed of aluminosilicates and appear heteregenous even at
the micrometer scale. Other minerals are expected to be
associated with the clays in those regions.

ADF-STEM images shown in Figure 3a clearly display
mineral particles with sub-micrometer dimension. Based on the
contrast, which is related to the atomic number and the shape
of the particles, a wide range of mineral phases are discernible.
Pyrite particles appear again as strongly faceted particles. At
higher resolution (Figure 3b), the pyrite particle visible near the
bottom of the image appears homogeneous except near its
surface. Evidence of weathering (Figure 3b, arrow), resulting in
a surface layer of oxide, has been confirmed by EDX elemental
profiles and explains the darker contrast observed in ADF
images. In contrast, the particle located near the middle of the
image appears heterogeneous. These particles consist mainly of
clay minerals mixed with organic carbon, as revealed by EDX.
In addition to mapping carbon, we will also demonstrate in the
next section that the clay aggregates also contain metal-bearing
minerals (e.g., iron or titanium oxides) that sometime appear as
particles of only a few nanometers.

Clay minerals (e.g., kaolinite, illite, and chlorite) consist of
stacks of basic composite layers. This layered atomic structure
produces flake-like particles, which typically stand either parallel
or perpendicular to the electron beam in the TEM. Higher-
resolution TEM images shown in Figure 3c,d clearly show clay
particles oriented in both directions. For particles lying flat on
the substrate (defined here as perpendicular orientation), steps
are observed, suggesting a variation in the number of
constituent layers. The facets observed are consistent with
the quasi-hexagonal structure of the basic composite layers of
clay minerals. For particle observed with a parallel orientation
(i.e., the TEM optical axis is perpendicular to the normal of the
composite layers), as in Figure 3d, the individual layers can be
directly imaged and counted. Phyllosilicates with only a few
(one to three) layers are commonly observed. Moreover, these
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Table 2. Mineralogical Composition of Residual Solids in ORS Fraction Determined by SVD-QPA Methodology

phase concentration (wt %) abbreviation phase chemical formula
QIZ + SIL 7.05 (0.14) QIZ  quartz Sio,
ILL 12.61 (0.02) ILL Illite Ko sAL(AlySi5 ) O10(OH),
KAO 18.34 (0.64) KAO  kaolinite ALSi,O,(OH),
CHL 0.57 (1.53) CHL chlorite (Mg, sFe, sAl) (AlSi;)0,0(OH)g
PYR 11.33 (0.02) CAL calcite CaCO;,
SID + AFE 23.32 (0.25) DOL  dolomite CaMg(CO,),
DOL + CAL + ANK 2.83 (0.16) ANK  ankerite CaFe, ;Mg 5(CO,),
RUT + ANA 3.40 (0.01) SID siderite FeCO;,
ZIR 0.00 (0.01) PYR  pyrite FeS,
GYP 0.005 (0.001) ZIR zrcon ZSio,
BAS 0.005 (0.001) RUT  rutile TiO,
ANO 0.005(0.001) ANA anatase TiO,
SAN 0.005 (0.001) ILM ilmenite FeTiO,
APA 1.24 (0.01) LEP lepidocrocite FeO(OH)
ORC 1142 (0.52) GYP  gypsum CaSO,-H,0
clay minerals (ILL + KAO + CHL) 31.51 (0.44) BAS bassanite CaS0O,-0.5H,0
heavy minerals (SID + PYR + ZIR + RUT 38.10 (0.24) ANO anorthite CaALSi,Oq
+ ANA + ILM + LEP)
total mass accounted for 92.16 (0.10) SAN sanidine KAISi;Oy
APA apatite Cay(PO,);(OH)
ORC amorphous organic carbon Cio0
SIL amorphous silica Sio,
AFE amorphous Fe Fe(OH); or FeO(OH)H,0
oxide-hydroxide
{ _ . ‘ minerals are also found in bundles and at the interface with
9000 —MWMH%MW" NAAMBAM A b other minerals.
1 Measured 8 3.3. Spatially Resolved Composition and Mineralogy.
8000 4 | —— Rietveld fit . . . . .
Difference 3.3.1. Overview of Mineral Particles. Elemental mapping using
70004 e ‘ f . EDX in STEM, as shown in Figure 4, highlights the wide
— pyrite variety of fine minerals present at the micrometer scale. An
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Figure 1. Rietveld analysis of XRD powder pattern measured for the
ORS fraction.

EDX spectrum (Figure 4b) acquired over the whole region of
the corresponding image (Figure 4a) displays characteristic
peaks that confirm the presence of the elements previously
quantified using XRF and summarized in Table 1. Fe, Ti, and
Ca peaks indicate the presence of metal bearing phases, and
strong signals from Al and Si are associated mainly with clay
minerals, which also include K for illite. It is important to note
that some peaks are not associated with the contaminant solids
studied here. In particular, spurious X-rays explain the intensity
of the Cu peaks, which originate from the TEM grid, and part
of the C signal is associated with the lacey-C support film. At
the scale of a few micrometers, we observe significant variation
in the overall composition. For this particular region, Ti
displays a peak more intense than elsewhere on the specimen.

200pm Electron Image 1

Figure 2. SEM images of the ORS fraction of the contaminant solids.
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Figure 3. (a and b) ADF-STEM images, (c and d) high-resolution TEM images of the ORS fraction of the contaminant solids.

Figure 4c presents chemical maps extracted from the spatially
resolved EDX. The maps were obtained by integrating the peak
intensity for the corresponding elements. The Si signal covers
most of the area shown in Figure 4a. As expected for clay
minerals, it also correlates well with the Al signal, except for a
few isolated particles that suggest the presence of quartz/silica
particles, which is consistent with the quartz reflections
measured by XRD. Sub-micrometer mineral particles contain-
ing both Ca and P, likely apatite, are detected in the EDX maps.
The small dimension of these particles probably explains why
their overall content is below the detection limit of the XRD
analysis. Ti appears as oxide particles with various morpholo-
gies. Rutile minerals are often observed as clearly distinguish-
able rod-shaped particles, whereas anatase is expected to form
more spherical particles. The Ti signal also overlaps in some
regions with the Fe signal, suggesting the presence of ilmenite.
Oxides, such as ilmenite, are only one form of Fe-bearing
minerals. Other forms are expected to include oxyhydroxides,
sulfides, and carbonates. For instance, pyrite particles can be
clearly identified by comparing the Fe and S signal. On the
elemental maps, there is also an example of an iron-bearing
carbonate such as siderite. For several particles, the signals of
Fe, Mg, and Ca overlap in regions where a C signal is also
detected. These particles are consistent with the presence of a
mixture of carbonate phases such as calcite, dolomite, and/or
ankerite, which are identified as small diffraction peaks in the
XRD pattern.
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3.3.2. Carbon Distribution at the Micrometer Scale. The C
map shown in Figure 4c renders the lacey carbon support
clearly visible. This support consists of an irregular mesh of
micrometer-sized holes. Thus, a reliable measurement of C
content in minerals can only be obtained when the electron
probe is positioned over one of those holes. The carbon
distribution also clearly reveals irregular micrometer-sized
particles. For these particles, the C signal is significantly more
intense than the signals from the lacey support film or the
surrounding carbonate minerals. When the STEM probe was
positioned over these carbon-rich particles, the convergent
beam electron diffraction did not display reflections, which
indicates that these particles are amorphous. These carbon-rich
particles are therefore not expected to produce any crystalline
reflections in the XRD pattern. This observation is consistent
with assuming the presence of an amorphous organic carbon
phase (ORC) in the SVD-QPA model used to determine the
overall mineralogical composition of the sample (Table 2). O
and S maps also display detectable signals in the same C-rich
regions where those particles appear, which may also contain H
and N, but EDX cannot confirm the presence of these elements
because it does not detect the first and is less sensitive to the
second. We attribute these micrometer-sized carbon-rich
particles to the presence of a form of toluene-insoluble organic
carbon such as kerogen or coal; the occurrence of such a type
of bitumen-unrelated organic matter in oil sands has been
described previously.* Finally, C also appears in several regions
as a diffuse signal that extends over the holes in the support. As
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EDX counts

Mg

Figure 4. (a) ADF-STEM image of the ORS fraction, (b) EDX spectrum summed over the whole region shown in panel a, and (c) EDX elemental

maps.

discussed below, a carbon signal associated with particles
containing mainly clay minerals is detected and is expected to
be a major component of the overall carbon content associated
with the contaminant solids studied here.

To confirm the various origins of the carbon signal, Figure 5
presents a series of spatially resolved EDX spectra (Figure Sb)
extracted at the specific locations labeled in the image (Figure
Sa). The colored chemical map in Figure Sa is composed of
three elemental maps from Figure 4, where red, green, and blue
correspond to C, Si, and Fe, respectively. This figure illustrates
the distribution of metal-bearing minerals and toluene-insoluble
organic carbon particles in a matrix of clay minerals. Some
regions analyzed do not include a detectable amount of carbon.
For instance, spectrum 1 shows a Fe—Ti—O particle
(presumably ilmenite) where the C peak is absent. In this

5518

region, the C signal is not considered significant. In contrast, a
carbonate mineral, identified as ankerite and containing Fe—
Ca—Mg along with O and C, is found in region 2 and has a
corresponding spectrum clearly displaying a C peak. The most
intense C peaks are detected at the toluene-insoluble organic
carbon particle locations. Spectrum 3 shows this dominant C
contribution, along with a smaller O signal. Other peaks on this
spectrum can be associated with the surrounding minerals, but
a clear increase in S is systematically observed. To a lesser
extent, Ca also appears to be associated with this phase of
carbon. We note that similar presence of Ca and S has been
detected previously in kerogen particles usinsg an electron
microscope equipped with an EDX detector.”® For a region
containing clay minerals, spectrum 4 displays prominent O, Al,
and Si peaks, along with a smaller K peak. Some Fe is also
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Figure S. (a) EDX elemental maps for three elements (C, Si, and Fe)
for the region shown in Figure 4. (b) EDX spectra taken from the
regions labeled in panel a.

detected, and the signal may originate from small particles on
the clay surfaces. Iron oxide and titanium oxide sub-micrometer
particles often appear scattered randomly on the clay surfaces
(examples are given below). In these regions, the C signal
remains clearly visible. The EDX observation therefore suggests
an intermixing of C with clay on a fine sub-100-nm scale.

It is important to emphasize that the overall composition
varies considerably at the micrometer scale. For instance,
ilmenite and ankerite minerals represent a significant fraction of
the minerals observed in Figure 4, but overall, as determined by
the SVD-QPA analysis (Table 2), they represent a small
proportion of the residual solids associated with the ORS
fraction. Similarly, the toluene-insoluble organic carbon
particles do not systematically appear on micrometer-scale
images. Clay minerals, in contrast, cover most of the TEM
specimen examined. Thus, the organic carbon associated with
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clays is expected to represent a significant fraction of the overall
toluene-insoluble organic carbon content.

3.3.3. Carbon Distribution at the Nanometer Scale.
Mapping the carbon distribution associated with clay mineral
particles is performed at the nanometer scale using EELS
spectrum imaging. Figure 6 presents an ADF-STEM image
along with a composite image of three EELS elemental maps.
Red, green, and blue correspond to C, Fe, and O, respectively.
The central feature on the image is an aggregate of thin clay
platelets lying almost parallel to the electron beam. It is similar
to the clay bundle observed in HRTEM (Figure 3d) where
some delaminated flakes can have a width of only a few
composite phyllosilicate layers. On each side of the aggregate,
other clay mineral particles can be observed with an orientation
almost perpendicular to the beam, but with regions ~10—50
nm in lateral extension that have much brighter contrast and
suggest some heterogeneity. The elemental maps reveal that, in
these bright regions, small iron oxide particles have precipitated
on the clay mineral surfaces. In the lower half of the image, a
large C-rich feature, with a diameter around 600 nm, is another
example of a toluene-insoluble organic carbon particle similar
to the ones identified in the EDX analysis.

The C and O maps shown in Figure 6 also clearly
demonstrate the association of carbon with clay minerals.
The variations in O and C signal (Figure 6b) observed in the
aggregate near the center of the image suggest that C
accumulates at the surface of the thin clay platelets. Within
the bundle, darker areas on the ADF-STEM image (Figure 6a)
represent regions without clay minerals. The carbon map
displays a signal in the same regions, highlighting the fine
intermixing of clay minerals and organic matter. Overall, the
carbon intensity in Figure 6b follows the contour of the parallel
platelets in Figure 6a. In addition, the O and C signals do not
significantly overlap within this clay bundle. Both of these
observations indicate that the carbon is on the surface of the
clays rather than incorporated in their crystal lattice. When clay
platelets are viewed along a direction perpendicular to the
electron beam, such as in regions 1 and 2 (Figure 6b), the C
content is also shown to vary considerably. For the more
inhomogeneous region on the left (Figure 6b), which appears
to consist of multiple smaller particles, the C signal often
mimics the nanometer-scale features observed on the ADF-
STEM image (Figure 6a).

The elemental variations can be better visualized on the
individual spatially resolved EELS spectra, which are shown in
Figure 6¢c. Energy-loss spectra display edges with onsets that
correspond to the minimum amount of energy loss experienced
by the incident electrons due to the excitation of inner shell
electrons.*” The onsets are element specific, and, as discussed
below, the fine structures of the edge are influenced by the
chemical bonding environment. In contrast to EDX, EELS is
generally limited to a chosen energy window that only includes
a limited number of elements. Here, the Al, Si, C, O, and Fe
signals are collected. For better visibility, the background signal
was removed from the EELS spectra (raw data with the
background signal are shown later for a more limited energy
range). Core-loss edges sometimes overlap, as it is the case for
Al and Si. As can be seen in the spectra, the Al edge extends
into the energy region of the Si edge. Well separated elements,
such as C, O, and Fe, produce signals that are easier to extract
into chemical maps.

For the three spectra displayed in Figure 6¢, corresponding
to regions 1, 2, and 3 labeled on the chemical maps (Figure 6b),
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Figure 6. (a) High-resolution ADF-STEM image of a clay particle in the ORS fraction and (b) EELS elemental maps for three elements (C, Fe, and
0). (c) Energy-loss spectra for the regions labeled in panel b. The inset for spectrum 3 shows the O K-edge fine structures for region 3 (full line) and

region 2 (dotted line).

the Al Si, and O ratio appears fairly constant. In contrast, the C
and Fe signals display strong variations. The region (spectrum
1) on the top left has a higher carbon content than the two
other regions on the bottom right (spectra 2 and 3). However,
even if not clearly visible on the chemical map, the more
homogeneous region on the right also displays a carbon edge
on the spectrum. Interestingly, the carbon signal increases in
the vicinity of the iron-bearing particle, as shown in spectra 3.
From the Z contrast signal of the ADF-STEM image, it is clear
that both regions (1 and 2) are heterogeneous and do not
consist solely of individual flat clay platelets.

3.3.4. Carbon Coating of Clay Platelets. For a closer view
of the carbon distribution on clay surfaces, Figure 7 presents
chemical maps for a region with clearly distinguishable clay
platelets. The thickness of the platelets increases from the top
left to the bottom right. The Z contrast of the ADF image is not
completely uniform, in particular for the bottom right region,
and it also displays sub-10-nm features. EELS elemental maps
shown in Figure 7b reveal that these features correspond to
titanium oxide nanoparticles, precipitated on the clay surface. C
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is also observed to accumulate preferentially at the edges of the
platelets, producing for instance a thin diagonal line on the
chemical maps. On individual clay platelets, for the three
regions of varying thickness, the carbon coverage can be
described as patchy rather than continuous. The variations
appear clearly on the spectra presented in Figure 7c, for the
regions labeled in Figure 7b. In this image (Figure 7c), the raw
spectra with the background signal are displayed, and the C, Ti
and O edges are observed in the selected range of energy loss.
The Ti signal is highly localized (spectrum 3) and may be
correlated with a slight increase in carbon, as previously
observed for iron oxide nanoparticles. Between regions 1 and 2,
separated by only ~10 nm, the carbon signal rapidly decreases
to below the detection limit. This indicates that sections of the
clay surfaces are not covered by toluene-insoluble organic
carbon and remain exposed.

As displayed on intensity profiles for the same region (Figure
8), the O signal increases in a stepwise fashion for increasing
clay platelet thickness, whereas the C signal produces more
localized features of similar intensities. Overall, more carbon-
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Figure 7. (a) High-resolution ADF-STEM image of a clay particle in the ORS fraction and (b) EELS elemental maps for three elements (C, Ti, and
0). (c) Energy-loss spectra for the regions labeled in panel b. The inset in panel ¢ shows the O K-edge fine structures for region 3 (full line) and

region 2 (dotted line).

rich features are observed in regions that are less homogeneous,
but all of these features display a comparable EELS intensity. A
signal that is independent of the platelet thickness is also
consistent with carbon as a surface coating rather than
incorporated within the atomic layered structure of the clay
minerals.

3.3.5. Suggested Further Work Related to the Speciation
of Carbon. In EELS, the shape of an edge following the onset
also provides information on the bonding environment. For
instance, O K-edges observed in Figure 6 and Figure 7 display a
prepeak for Ti and Fe particles that is absent for the O K-edge
associated with clays, consistent with previous studies on
similar systems.”” This prepeak is associated with O bonded to
Fe and Ti. A preliminary analysis (not shown) of the near-edge
structure in EELS spectra for C K-edge was performed with an
energy resolution of 0.6 eV. Characteristics associated with
carbon that would be structurally incorporated in the clay
crystals, which have previously been described for carbon—clay
complexes,”” were not detected. Thus, our results point to
carbon being absorbed on the surface of the clay. This
conclusion is also supported by the two other observations
described earlier, namely, that (1) the C signal intensity appears
to be independent of the clay platelet thickness and that (2) the
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C maps observed for clay bundles in the parallel orientation
display contrast only on the surface of the clay features or in
regions between delaminated platelets.

The onset of the potassium L-edge occurs at 294 eV, just 10
eV above the C K-edge. The carbon maps shown here were
therefore obtained by choosing an integration window below
the potassium L-edge. If both elements are present, the edges
will overlap. Thus, it is easier to analyze the potassium content
when no carbon is present. For the regions without C coating
found in Figure 7, no potassium signal was detected. This
suggests that the clay mineral is not illite. In addition, no Fe
signal was detected on the clay. But because the Mg
characteristic edges are located outside the energy range of
the energy-loss spectra, additional analyses would be required
to unambiguously identify the clay mineral. Future work will be
carried out to differentiate the type of clay minerals, as well as
to identify which clay minerals among illite, kaolinite, and
chlorite are most likely to have an organic coating.

The functionalities of organic carbon absorbed on a surface is
however diflicult to ascertain with EELS, since it is expected to
be particularly sensitive to the electron beam. Analytical surface
science techniques such as XPS, Tof-SIMS, and FTIR have
previously been used to probe the carbon functionalities for
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Figure 8. Elemental maps and intensity profiles for O (top) and C (bottom) for the region shown in Figure 7. The intensity profiles correspond to
the lines labeled on the elemental maps. The two profiles for C are labeled 1 and 2 on the image, and the arrows on the intensity profiles for the C

signal indicate the position of the diagonal step on the image.

organic matter that is mixed with the clay minerals. For
instance, evidence of C—H, C—0, and C—OH chemical bonds
were established, and clear differences were observed between
marine and estuarine oil sand ores. Humic matter was identified
as the main constituent of the organic matter absorbed on the
clay surfaces, with some contribution from asphaltic type
materials.”® X-ray absorption spectroscopy (XAS), which
provides near-edge structure information similar to EELS, has
also been used to study the different types of organic matter
mixed with clay particles.’” As X-rays interact less strongly than
electron with organic matter, clear spectral signatures can be
observed for various carbon chemical bonding. Of particular
interest for systems with a complicated mineral composition,
such as the one presented here, is the ability of spatially
resolved XAS in STXM to isolate individual carbon-rich clay
particles.”’ Combining the high-energy resolution of XAS-
STXM with the high-spatial resolution of EELS-STEM
therefore presents a promising avenue of research on
organoclay complexes.

4. SUMMARY

In summary, our results combined spatially resolved chemical
analysis at the nanometer and micrometer scale to resolve the
carbon distribution in residual solids found in solvent-diluted
bitumen product extracted from Alberta oil sands. This study
focuses on the hydrophobic fraction of these residual solids,
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which is found to have significantly higher carbon content. For
these solids, three distinct types of carbon-rich phases are
identified: carbonate minerals, micrometer-sized particles of
toluene-insoluble organic carbon, and clay aggregates contain-
ing toluene-insoluble organic carbon.

Siderite, dolomite, calcite, and ankerite are four carbonate
minerals detected with XRD. Elemental mapping with EDX in
STEM also confirms the presence of carbonate minerals and
provides information on the particle size and morphology. In
contrast, the other carbon-rich phases are not crystalline and
therefore do not produce clearly identified peaks in XRD. As an
example, EDX mapping reveals the presence of large micro-
meter-sized particles, with dominant carbon content and with
detectable amounts of oxygen and sulfur. These observations
are attributed to the presence of toluene-insoluble organic
carbon.

The intermixing of toluene-insoluble organic carbon with
clay minerals, suggested by both the present EDX analysis and
previous surface science studies, occurs on a fine sub-
micrometer scale. To directly visualize the carbon distribution
in clay—organic matter aggregates, spatially resolved EELS is
employed because of its high collection efficiency and its high
sensitivity to light elements. Carbon maps are obtained with a
nanometer resolution for clay platelets with orientations parallel
and perpendicular to the electron beam. These observations
directly point to carbon being present on the surface of clay
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platelets, rather than incorporated in their crystal lattice. The
coating of toluene-insoluble organic carbon is observed to be
nonuniform with nanometer-scale carbon-rich features. Some
regions of the clay surfaces remain exposed. As clays are among
the most common minerals present in the residual solids
separated from the bitumen product, as confirmed by
quantitative phase analysis of the mineralogical composition,
surficial organic carbon is thus expected to represent a
significant fraction of the overall carbon content. Clay platelets
with surfaces partially covered with organic matter are expected
to display a biwettable character, which will have a direct impact
on the bitumen extraction process.
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